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ABSTRACT 

\ 

A comprehensive  study  of  track/track  dynamics  was  undertaken, 
utilizing  analytict.l,  laboratory  test,  and  field  test  techniques  to 
develop  a better  understanding  of  track  dynamics  and  performance. 
Analytical  techniques  were  developed  to  predict  track  vibration  modes, 
chordal  action  effects,  dynamic  tension  and  path,  energy  dissipation, 
tension  going  over  obstacles,  tension  distribution,  pin/bushing  stresses 
and  deflections,  temperature  buildup,  and  end  connector  tightening 
effectiveness.  Double-pin  track  for  heavy  tanks  was  analyzed  with  these 
techniques,  and  designs  for  improved  track  suitable  for  the  XM-1  tank 
were  developed.  A laboratory  bushing  research  machine  was  designed, 
and  a track-mounted  telemetry  system  was  built. 


ii. 


FOREWORD 

The  continuing  trend  to  greeter  mobility  and  maneuverability  required 
in  today's  ground  combat  environment  leads  to  increasing  problems  for  the 
designers  and  users  of  tracked  vehicles.  Higher  speeds  and  high  maneuverability 
create  much  higher  dynamic  forces  on  the  track  system,  which  is  already  taxed  in 
its  capabilities.  For  example,  problems  already  exist  due  to  excessive  weight, 
excessive  noise  and  vibration,  overhasting  of  rubber  track  elements  and  road 
wheels,  chunking  of  the  pads,  pin  and  bushing  failures,  breaking  or  throwing  of 
a track,  and  so  forth.  Therefore,  today's  tracks  are  expensive  items  not 
only  in  terms  of  initial  costs  and  replacement  costs,  but  in  terms  of  men, 
resources  and  capabilities  lost  because  of  failures  in  the  field. 

To  develop  improved  track,  it  was  realized  that  the  basic  area  of 
track  dynamics  should  be  examined  in  detail.  This  led  to  the  formulation  of 
the  Track  Dynamics  Program,  which  was  proposed  as  a broad  and  innovative 
technical  approach  to  the  problem  of  track,  and  vas  envisioned  as  the  first 
phase  (1—1/2  years)  of  a total  program  covering  three  to  four  years  and 
Including  two  or  three  phases. 

The  objectives  of  the  Track  Dynamics  Program  included  the  development 
of  analytical,  laboratory,  and  field-usable  tools  to  assess  the  dynamic  perform- 
ance of  existing  track  and  to  guide  the  design  of  new  and  improved  track.  The 
program  was  conducted  as  a CLIN  C002  task  under  the  Concept  Formulation  function 
provided  by  Battelle's  Columbus  Division  for  TARADCOM  under  Contract  DAAE07-76-C-0165. 
The  program  was  authorized  on  November  IS,  1976,  and  extended  to  September  30,  1978. 
With  the  completion  of  this  program,  it  became  obvious  that  another  phase  of 
similar  scope  would  indeed  be  valuable,  enabling  the  analysis  to  be  extended  to 
other  aspects  of  track  dynamics. 
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INTRODUCTION 

The  Track  Dynamic*  Program  (TDP)  was  a research  program  whose  objectives 
included  the  development  of  analytical,  laboratory,  and  field-usable  tools 
to  assess  the  dynamic  performance  of  track  so  that  new  and  improved  track 
concepts  could  be  designed  and  demonstrated.  The  TDP  was  conducted  as  a 
CLIN  0002  task  under  the  Concept  Formulation  function  provided  by  Battelle's 
Columbus  Division  for  TARADC0M  under  Contract  DAAE07-76-C-0165.  The  program 
was  authorised  on  November  15,  1976,  and  extended  to  September  30,  1978. 

OBJECTIVES 


The  objectives  of  the  TDP  were  developed  during  the  first  part  of  the 
program,  as  follows: 

e To  develop  a better  understanding  of  vehicle  track  dynamics 
and  track  design 

e To  develop  tools  and  methodology  for  the  design  of  track, 
including  analytical,  laboratory,  and  field  techniques 

* To  apply  the  design  tools  and  methodology  to  Improve  current 
track  types,  evolve  new  track  concepts,  and  construct  partial 
sections  of  new  track. 
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The  scope  of  work  was  defined  as  follows: 

• Determine  past  afforts  and  staea  of  eha  are  of  track  dynatd.cs 
and  design 

a Conduct  field  east  program  to  obtain  realistic  service 
conditions 

a Conduct  laboratory  tests  to  ensure  duplication  of  field 
conditions 

e Mathematically  simulate  vehicle  track  dynamics 
e Analyse  the  test  data  effects  on  the  track  system 
e Apply  results  to  development  of  improved  hardware  . 

After  the  first  part  of  the  TDP,  during  which  an  assessment  of  the 
state  of  the  art  and  present  track  problems  was  made,  it  was  concluded  that  the 
following  order  of  priority  should  be  followed  in  the  analysis  of  track 
dynamics : 

e Linked  track  for  heavy  armored  vehicles 
e Linked  track  for  lighter  vehicles 
e Other  track  types,  such  as  band  track. 

Therefore,  while  many  of  the  techniques  developed  were  general  and 
could  be  applied  to  any  tracked  vehicle,  in  the  majority  of  cases,  specific 
solutions  were  obtained  for  the  M-60  tank  using  T-97  (integral  pad)  or  T-142 
(replaceable  pad)  track,  which  was  also  being  considered  in  slightly  modified 
form  for  the  Army's  newest  heavy  tank,  the  XM-1.  This  approach  was  considered 
to  be  the  most  valuable  to  the  Army,  end  allowed  some  results  of  the  program 
to  be  considered  by  the  designers  of  the  XM-1  track. 

The  three  stated  objectives  were  met,  particularly  the  development 
of  a better  understanding  of  track  dynamics  and  the  development  of  analytical 
techniques  to  evaluate  track  design.  In  the  future,  there  needs  to  be  addi- 
tional application  of  these  analytical  tools  to  all  types  of  track,  thereby 
expanding  the  application  from  the  few  types  of  double  pin  linked  track  for 
heavy  armored  vehicles  which  were  chosen  as  first  priority  for  use  in  devel- 
oping and  applying  analytical  techniques  during  this  program. 
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SUttiARY  AND  CONCLUSIONS 

The  first  three  months  of  ths  TDP  was  an  orientation  period  during 
which  many  people  in  the  track  coimsunity  were  contacted,  and  an  extensive 
literature  search  and  review  was  made. 

Following  this,  a summary  of  track  problems  was  prepared.  One  of  the 
moet  urgent  problems  appeared  to  be  road  pad  thermal  blowout  at  high  speed 
on  the  Chrysler  XM-1  modified  T-97  design.  A second  XM-1  problem  involves 
satisfying  the  user  requirements  for  an  aggressive  steel  grouser  without 
giving  up  the  weight  advent _ge  of  an  integral  pad  design.  On  the  T-142  track, 
the  primary  problems  tppear  to  be  pin  breakage  and  road  pad  chunking.  Track 
guidance  and  resistance  to  throwing  was  felt  to  be  an  area  where  improvement 
slight  be  made  on  all  track  designs.  On  single  pin  tracks  the  prime  areas  of 
continuing  concern  to  the  designer  are  bushing  life  and  shoe  structural  fatigue. 
However,  no  evidence  of  particular  distress  on  current  designs  was  found. 

Based  on  these  findings,  a comprehensive  analytical  program  was 
undertaken,  with  complementary  laboratory  and  field  tests  to  support  the 
analytical  work  and  a hardware  conceptual  design  task  to  incorporate  all  the 
results.  Table  1 is  a summary  of  the  more  important  analyses  conducted  during 
the  Track  Dynasties  Program,  and  a summary  of  the  important  findings  is  given 
below,  listed  according  to  the  main  headings  used  in  the  body  of  the  report. 

Track  Natural  Frequencies.  Track  natural  frequencies  and  mode 
shapes  for  T-142  track  on  ru  M-60  tank  were  calculated  by  two  methods— using 
tensioned  string  equations  and  using  TRACKVIBE,  a finite  element  computer 
code.  The  first  20  natural  frequencies  ranged  from  0.94  Hz  to  15.80  Hz  using 
TRACKVIBE : these  frequencies  were  approximately  15  percent  higher  than  those 
given  by  the  string  equations  ‘.which  do  not  take  into  account  the  bending 
stiffness).  The  multitude  of  track  natural  frequencies  shows  that  there  is  a 
high  probability  of  a forcing  function  (in  particular,  track  shoe  passage 
frequency)  coinciding  with  a natural  frequency  at  any  speed,  a condition 
conductive  to  high  vibration  amplltudas  unless  the  track  is  well  damped. 


TABLE  l.  TRACK 


DYN. 


Analysis 

IX£± 

(1) 

BUSKSTRESS 

Computer 

(2) 

P1NSTRESS  IX 

Hand 

(3) 

TRACKOB  II 

Computer 

(4) 

TRACKOB  III 

Computer 

(5) 

TRACKVIBE 

Computer 

(6) 

CHORDACT 

Computer 

(7) 

TRACKCENT 

Hand 

(8) 

TRACKDYNE 

Computer 

(9) 

WEDGE ND 

Hand 

(10) 

SHOETEMP  II 

Computer 

(ID 

SHOETEMP  III 

Computer 

Main  Output 


Rubbar  bushing 
stresses 

Pin  stresses  and 
deflections, 
bushing  deflec- 
tions 

Localized  track 
path  and  tension 

Localized  track 
path  and  tension 

Vibration  frequen- 
cies and  ampli- 
tudes 

Localized  tensions 
and  deflections 

Overall  track  path 
and  tension 

Localized  tension, 
path,  energy  loss, 
force 

End  connector  bolt 
torque  versus  bush- 
ing torque 

Track  shoe  temperature 
distribution 

Track  shoe  temperature 
distribution 


Condition 

Track  assembled; 

no  tension  (2D) 
St-itic  condition — 
uniform  or  non- 
uniform  tension 
across  track  width 
(3D) 

Uniform  obstacle 
across  track 
width  (2D) 
Nonuniform  obsta- 
cle across 
track  width  (3Dj 
Track  sections 
free  vibration 

Track  moving  over 
sprocket  or 
front  idler 
Track  moving 
Centrifugal 
force  effects) 
Track  moving  over 
front  idler 
and  road  wheel  (2D) 
Tightening  wedge- 
typu  end  con- 
nector 

Vehicle  moving  on 
smooth,  hard 
surface  (2D) 
Vehicle  moving  on 
smooch,  hard 
surface  (3D) 
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Chordal  Action.  The  variation  In  velocity  as  tha  track  passes  over 
a sprocket  or  roller  (front  Idler  or  road  wheal)  Is  called  chordal  action. 

Assuming  a constant  sprocket  speed  and  tank  speed , these  velocity  variations 
cyclically  stretch  and  release  the  track,  causing  periodic  variations  in  track 
tension.  These  tension  variations  were  calculated  for  the  M-60  tank  with 
T-142  track  by  three  methods— hand  calculations,  a smell  computer  program 
called  CHORDACT,  and  the  larger  TRACKDYNE  computer  program.  The  peak-to-peak  ten- 
sion excursions  at  the  sprocket  were  found  to  be  surprisingly  low— on  the  order  of 
3000  pounds,  which  is  an  order  of  magnitude  below  other  forces  in  the  track. 
Therefore,  It  was  concluded  that  the  forces  due  to  chordal  action  are  not  a 
source  of  distress  to  the  track,  although  the  cyclic  forces  transmitted  into 
the  hull  may  well  be  a serious  source  of  noise  and  vibration. 

Track  Dynamic  Tension  and  Path.  The  track  dynamic  tension  and  path 
were  analysed  first  by  hand  calculation  ( TRAC KC ENT)  and  then  by  use  of  the 
TRACKDYNE  program  developed  for  this  purpose.  The  TRACKDYNE  program  is  a 
real-time,  two-dimensional  computer  simulation  of  double-pin  track  running 
over  the  front  idler  and  down  the  span  to  the  front  road  wheel.  Data  output 
Includes  time  histories  throughout  a pitch-passage  cycle  of  track  tension  as 
seen  by  each  individual  link,  shoe-to-idler  force  normal  and  tangential  to  the 
wheel  surface  as  seen  by  each  shoe,  and  ldler-to-hull  force  in  horizontal 
and  vertical  components.  Positions  and  velocities  of  Individual  parts  as  a 
function  of  time  are  also  available.  An  energ>  balance  is  made  by  determining 
the  energy  dissipated  in  all  the  dampers  during  one  cycle,  the  energy  put  into 
the  system  mechanically,  and  the  energy  stored  mechanically  in  the  system. 

Runs  were  made  at  speeds  between  20  and  70  mph,  and  with  apparent 
tension  between  1500  lb  and  15,000  lb  with  geometry  corresponding  to  the  T-142 
track  on  the  M60  tank.  Typical  findings  were  as  follows: 

e Track  tension  excursions  due  to  chordal  action  and  other  cyclic 
dynamic  effects  on  the  idler  and  at  the  road  wheel  entrance  are 
typically  on  the  order  of  1000  to  2000  lb  peak-to-peak,  and  do 
not  become  more  severe  at  increased  speed  as  expected, 
e Idler-to-hull  force  excursions  are  typically  on  the  order  of  3000 
lb  peak-to-peak.  They  are  highly  nonsinusoldal,  with  an  important 
content  of  higher-order  harmonics  evident, 
e Impact  when  the  shoes  contact  the  idler  and  road  wheel  is 
generally  not  severe. 
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• The  energy  dissipated  in  this  portion  of  the  track  circuit  is 
snail  at  normal  operating  speeds,  but  it  can  become  substantial 
at  higher  speeds,  reaching  121  hp  at  70  mph  and  15,000  lb  tension, 
e Relative  to  a ci  itinuous  band  with  distributed  stiffness  and  rotary 
Inertia,  the  linked  track  with  lumped  parameters  behavej  as  though 
it  is  stiff er  and  is  less  affected  by  its  rotary  iner.ia  than  was 
anticipated.  The  standing  wave  mode  of  operation  predicted  by 
TRACKCENT  at  high  speed  was  verified.  However,  the  transition  to 
this  mode  was  at  a speed  about  25  percent  higher  than  expected, 
e A mechanism  was  revealed  whereby  tractive  force  is  developed  between 
the  idler  and  the  track  due  to  the  kinematics  of  track  roll-on  and 
roll-off.  Consequently,  track  tension  on  the  idler  was  as  much  as 
2000  lb  more  than  anticipated,  and  sliding  of  the  rubber  surfaces 
could  result. 

e At  higher  speeds,  a greater  percentage  of  the  total  energy  dissi- 
pated it.  the  track  went  into  the  bushing. 


Pin  and  Bushing  Loads  and  Deflections.  A technique  (PINSTRESS  II)  was 
developed  for  calculating  by  hand  the  loads  and  deflections  in  some  detail  within 
the  track.  As  an  illui  tration  of  the  output  of  this  program,  pin  stresses  and 
bushing  effective  nr.  ja  (ratio  of  minimum  load  to  maximun  load  carried  by  two 
bushings  on  the  same  pin)  were  calculated  for  5 types  of  crack  as  follows: 


Pin  Beuding 
Stress,  psi 

Effectiveness  of 
Center  of  Bushing 

T-97  Truck,  43,000-lb 

Load 

112,000 

0.36 

T-141  Aluminum  Shoe 

Triett,  43,000-lb  load 

116,000 

0.49 

XM-1  Track  Similar  to 

T-97,  48,600-lb  load 

96,000 

0.50 

XM-1  Aluminum  Shoe 

Track,  48,600-lb  load 

98,000 

0.71 

First  Version  of  Enlarged 

74,000 

0.82 

Tubular  Pin  XM-1  Concept 
48,600-lb  load 


i 
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These  stresses  ere  those  which  occur  stray  from  the  spocket  where  tension 
is  uniformly  distributed  across  the  width  of  the  track.  Pin  stresses  In  the 
vicinity  of  the  sprocket  are  known  to  be  around  200,000  psi. 
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Seduced  pin  itniMi  and  increases  in  bushing  «f fectlveasss  occur 
■•inly  as  cho  result  of  increased  self fnsss  of  pins  snd  binocular  tubes.  While 
the  XM-1  designs  sre  better  then  the  M-60  snslogous  designs,  these  values  can 
be  laproved  further,  as  evidenced  by  the  results  for  the  first  version  of  the 
advanced  hardware  concept  developed  during  this  project  (discuesed  later). 

Calculations  were  also  made  for  the  case  where— -rather  than  being 
loaded  uniforaly  across  its  width— the  tensile  forces  are  concentrated  at 
the  edges  of  the  track,  as  is  the  case  where  the  track  is  contacted  by  the 
sprocket  and  all  the  tractive  effort  is  carried  by  the  end  comtectoVs.  A 
siallar  condition  can  exist  anywhere  along  the  track  if  a center  guide  is 
loose.  Conversely,  tensile  load  will  be  concentrated  in  a centerguide  if 
an  end  connector  is  loose . For  example,  calculations  showed  that  the  load 
distribution  between  end  connectors  and  center  guide  varied  from  50-50 
(end  connectors  and  center  guide  eight)  to  34-66  (end  connectors  end  center 
guide  loose),  with  the  66  percent  carried  by  the  center  guide.  Actual 
load  distribution  will  vary  statistically  between  these  extranes,  depending 
on  ths  distribution  of  loose  canter  guides  and  snd  connectors  throughout 
the  track. 


Effects  of  Obstacle  We  so  tie  t ion.  A two-d  imns  ional  nodal  ( TRACK)  B II) 
was  fomulated  to  predict  track  tension  whan  the  track  was  deflected  uniforaly 
across  its  width  by  an  obstacle,  and  a three -dimensional  nodal  (TRACKOB  III) 
for  the  case  where  the  obstacle  was  under  only  one  edge  of  the  track.  The 
two-dimnsional  results  wars  validated  by  comparing  than  with  tensions  masured 
in  tests  which  vers  mde  on  an  M-60  tank  in  ths  TABADGOM  laboratories  at 
Warren,  Michigan.  Tbs  results  showed  that  ths  tension  increases  by  20,000 
pounds  whan  traversing  a 9-inch  high  block,  with  ths  greatest  tension 
increase  occurring  whan  ths  block  is  halfway  between  two  road  wheals  near 
the  center  of  the  tank.  Of  several  track  end  vehicle  parameters  varied, 
increases  in  track  longitudinal  stiffness  snd  coefficient  of  friction 
between  road  pad  end  ground  were  found  to  have  ths  greatest  affect  on  ths 
tension.  These  Increases  in  tension  are  significant  because  they  are  well  above 
the  nominal  track  preload  of  12,000  pounds.  In  practice,  ths  preload  appears  to 
be  wall  below  this,  maning  thj  localised  tension  increase  due  to  obstacles 
my  be  two  or  three  times  the  normal  tension. 


8 


for  tha  asms  height  obstacle  loading  tha  crack  at  ona  edge  only, 
eha  overall  Crack  Canalon  lncraaaaa  less,  as  would  ba  expected,  but  tha 
and  connaccor  ovar  eha  obatada  takas  aaich  nora  load,  while  tha  ochar  and 
connector  looaaa  load  (even  going  from  cans  ion  to  compression  for  obatadaa 
on  eha  order  of  8 inches  high). 

Thermal  Analysis.  A two -dimensional  thermal  modal  (SBOBTKMP  II)  and 
a three-dimensional  modal  (SHOKTSMP  III)  of  the  T-142  crack  shoe  assembly  make 
developed,  using  the  computer  code  THUMP.  Transient  thermal  conditions  wars 
predicted,  and  eha  modal  was  validated  against  temperatures  measured  in  tha 
track  shoes  during  Mh60  field  eases  at  TARADCOM  in  January  and  February  of  1978. 
Parameter  studies  ware  chan  made  on  tha  T-142  type  cracks  used  on  tha  M-60 
and  tha  XM-1  tanks.  In  both  cases,  the  highest  temperatures  ware  obtained 
in  Che  center  of  the  volume  of  rubber  on  the  road  wheal  path  side  of  tha 
track,  with  the  canter  of  the  road  pad  building  up  to  lower  temperatures. 

These  results  should  perhaps  be  evaluated  from  a qualitative  than  a quantitative 
standpoint,  due  to  the  lack  of  accurate  input  data  on  thermal  heat  generation 
and  conduction  properties  of  the  rubber.  At  a constant  running  spaed  of 
30  mph,  the  predicted  temperature  in  the  road  wheel  path  on  the  M-60  reached 
300  F after  an  hour,  and  stabilised  at  approximately  380  only  after  three 
hours  of  running.  Comparable  temperatures  in  the  road  pad  were  230  and  280  F, 
respectively.  Predicted  temperatures  in  the  XM-1  track  ware  lower,  but  this 
is  still  a potential  problem  area,  particularly  when  50  mph  speeds  are  used. 
Parameter  studies  indicated  that  while  changes  in  the  thermal  properties  of  the 
rubber  (and  to  a lesser  extent,  the  metal  components)  affect  temperatures 
somewhat,  the  single  most  effective  way  to  reduce  temperature  buildup  is  to 
reduce  the  volume  of  rubber  which  is  compressed,  thereby  reducing  the  heat 
generation  directly,  nils  translates  to  a reduction  in  depth  of  rubber  in 
the  road  wheel  path  and  pad.  Additional  studies  in  this  area  are  needed, 
using  these  newly  developed  computer  models. 

Track  Bushing  Research.  A finite  element  computer  program  (BUSHSTRESS) 
was  developed  and  used  to  analyze  strains  in  the  bushings  resulting  from  their 


initial  assembly  into  cha  binocular  tubaa.  Ic  waa  fe  nd  that  high  acraina 
exist  in  tha  "corner"  where  pin  and  buahlng  neat,  and  it  waa  theorised  that 
fall urea  occurring  in  this  area  'and  thought  to  be  due  to  abrasion  of  the 
unbounded  buahlng  eliding  on  the  pin)  nay  actually  be  caused  or  at  leaat 
aggravated  by  tha  high  assembly  stresses.  A Halted  aeries  of  laboratory 
insertion  teats  verified  that  daaage  can  occur  during  insertion,  and  indicnted 
the  laportance  of  using  the  proper  lubricant  during  the  aaseably  process. 

’A  review  of  peat  work  indicated  that  earlier  research  had  led  to  the  sane 
conclusion,  and  had  even  led  to  a new  bushing  cross-section  designed  to 
provide  such  aore  unifora  strain,  thereby  alleviating  the  high  stress  concen- 
tration factor.  Apparently  this  design  was  never  tested,  but  in  view  of  its 
apparent  validity,  work  in  this  area  should  continue. 

Considerable  effort  was  also  spent  in  developing  requirements 
for  a laboratory  machine  to  facilitate  bushing  research.  The  requirements 
led  to  a machine  having  considerably  more  flexibility  than  the  present 
TARCOM QPL  test  machine,  and  a detailed  machine  design  effort  was  conducted. 

The  design  which  was  developed  has  separate  servocontrolled  hydraulic  actuators 
to  apply  radial  loads/ deflections  and  torsional  loada/def lections , enabling 
actual  loading  conditions  to  be  simulated  quite  accurately.  More  detailed 
information  on  the  buahlng  laboratory  research  machine  is  included  in  Appendix 
B.  Due  to  priorities  established  in  the  last  phases  of  the  Track  Dynamics 
program,  the  machine  was  not  built. 

Advanced  Track  Concept  Development.  Early  in  the  program  it  was 
decided  to  focus  a modest  portion  of  the  effort  on  attempts  to  conceive  and 
develop  new  track  concepts.  At  the  outset  both  revolutionary  (long-term) 
and  evolutionary  (short-term)  ideas  were  considered.  However,  the  revolutionary 
concepts  were  not  carried  forward  and  the  attention  was  primarily  given  to 
evolutionary  ideas.  The  prime  target  for  the  conceptual  efforts  was  linked 
track  for  heavy  armored  vehicles,  as  opposed  to  linked  track  for  lighter 
vehicles  or  unusual  track  ruch  as  the  band  track. 

As  the  progrea  progressed,  an  advanced  track  concept  was  developed 
which  evolved  around  the  use  of  larger,  stiffer  tubular  pins,  bushings  and 
binocular  tubes,  and  the  use  of  a fabricated  brased  steel  shoe  assembly. 

An  integral  pad  version  of  this  concept  was  then  designed,  and  compared  to 
present  double-pin  T-97  track,  this  design  appeared  to  have  lower  weight, 
improved  resistance  to  track  throwing,  lower  stresses  in  the  pins  and  bushing, 
less  heat  buildup,  less  looseness  of  end  connectors,  comparable  first-cost. 
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and — as  a result-improved  life-cycle  coats.  Dlaadvantagaa  Included  tha  fact 
that  It  did  not  Include  an  atreaslve  grouser  and,  In  order  to  take  full 
advantage  of  the  enlarged  pin/tube  design,  tha  pitch  chosen  was  slightly 
greater  than  present  crack.  Further  analysis  of  the  unique  end  connector 
design  showed  that  stresses  were  excessive,  and  this  led  to  a detailed  analy- 
tical and  laboratory  study  of  the  basic  wedge- type  end  connector  which  resulted 
In  a greatly  iaprovad  version  of  the  standard  wedge-type  connector.  As  tine 
went  on.  It  became  apparent  that  tha  Aray  would  require  h replaceable  pad, 
aggressive  grouser  type  track  for  the  XM-1.  Therefore,  near  the  end  of  the 
program,  a new  set  of  design  constraints  was  evolved,  based  on  the  philosophy 
of  moving  toward  an  evoluationary  rather  than  revolutionary  approach  in  order 
to  maximise  the  chances  of  a short-term  hardware  tryout.  The  constraints 
were: 

o Both  the  shoe  and  and  connector  must  use  the  same  pitch  as 
the  current  XM-1 . 

o The  track  must  be  interchangeable  with  the  Leopard  without 
drive  sprockec  changes  or  suspension  changes, 
o The  shoe  must  have  a replaceable  pad. 

o When  the  pad  is  removed  the  shoe  must  present  at  least  a short 
aggressive  grouser  to  the  ground, 
o The  track  should  be  designed  to  minimize  the  changes  required 
on  the  M-60  to  allow  its  later  utilization  thereon, 
o Wedge-type  end  connectors  will  be  used  with  the  wedge  action 
turned  over  to  improve  tightening  and  improve  maintainability, 
o Simple,  straightforward  pad  attachment  schemes  will  be  used 
with  emphasis  on  protection  against  thread  corrosion. 

The  design  effort  in  response  to  these  constraints  centered  on  a 
cast  steel  approach  and  a steel  forging  and  tube  approach.  The  latter  approach 
was  chosen  as  the  most  likely  to  merit  additional  development  and  consideration 
for  the  XM-1.  A design  was  then  carried  forward  in  which  the  shoe  structure 
consisted  of  a brazed  assembly  which  employed  one  steel  forging  and  three  steel 
tubes.  However,  due  to  weight  problems,  the  approach  was  modified  to  utilize  a 
welded  assembly  of  several  forgings  instead  of  a single  forging.  A set  of  5 
drawings  which  illustrate  this  final  design  concept  are  included  in  this  report. 
Features  of  this  final  design  concept  include: 


It  is  directly  interchangeable  with  the  XM-1  both  as  track 
sets  or  as  individual  pitches. 

It  contains  a replaceable  pad  with  ground  contact  area  equal 
to  the  current  XM-1,  modified  T-142,  replaceable  pad  version. 

It  utilizes  wedges  with  turned  over  action  for  greater  effective- 


o It  contains  a hardened  steel  forged  1/2- inch  integral  grouser. 

o It  includes  a scheme  for  preventing  corrosion  of  the  threads  on 

the  simple  pad-attaching  stud. 

o It  contains  a tubular  pin  of  1-5/8  inch  outside  diameter,  which 

is  10  pe'iteetat  stiffer  (in  bending)  than  the  current  XM-1  pin. 

o It  has  a large  center  tube  in  the  road  wheel  path  area  which 
reduces  the  rubber  hysteretic  heating  in  that  zone. 

i 

o It  has  a stiffer  and  stronger  center  guide  with  greater  wear 
conts  :t  area  with  the  roadwheels. 

It  is  recommended  that  several  individual  pitches  of  this  track  be 
built  and  installed  in  an  existing  XM-1  track  for  testing.  It  can  be  thought  of 
as  a replaceable  pad  track  with  a competent  3teel  grouser  which  is  competitive 
in  weight  and  potentially  p.'heapar  than  the  current  XM-1  modified  T-142, 
replaceable  pav - aluminum  forging  version. 

More  complete  recommendations  on  all  aspects  of  the  Track  Dynamics 
Program  are  contained  in  th«  ..action  entitled  "Recommendations  for  Future 
Work",  which  start'',  dr.  page  206. 
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TECHNICAL  DISCUSSION 


This  section  of  the  report  covers  the  main  technical  activity  and  results 
of  the  entire  Track  Dynamics  Program. 

Orientation  to  Track  Problems 


The  task  order  covering  this  program  specifically  required  that  an 
effective  liaison  be  established  with  Army,  industry,  and  academic  personnel 
to  determine  past  efforts  and  state  of  the  art  of  track  dynasties  and  design. 

This  was  to  assure  that  this  program  was  fully  integrated  with  past  and  present 
Army  effort  on  track  and  was  nonduplicatlve.  Therefore,  a literature  search 
and  an  extensive  series  of  visits  with  members  of  the  track  community  were 
carried  out  during  the  first  three  months  of  the  program. 

Visits  to  the  Track  Community 

It  was  considered  essential  that  this  effort  include  the  TARADCCh 
research  groups,  Army  program  offices,  the  primary  vehicle  builders,  the  track 
suppliers,  and  Army  testing  and/or  using  groups.  During  the  first  60  days  of 
the  program,  fifteen  different  organizations  were  visited,  40  people  were 
contacted,  and  33  man-days  of  consultation  resulted.  During  the  next  weeks,  5 
more  organizations  were  visited,  and  40  more  people  contacted,  some  by  phone. 

Table  2 shows  the  organizations  contacted  during  this  initial  phase 
of  the  program,  and  Appendix  A lists  the  people  contacted. 

Llteratm?  Search 

An  important  contribution  to  establishing  the  present  state  of  the  art 
was  the  review  of  previously  published  information  on  track  and  track  dynamics 
that  had  been  developed  by  the  technical  conaunlty.  This  review,  along  with 
interviews  with  knowledgeable  personnel,  outlined  the  problem  areas  and  previous 
attempted  solutions.  It  also  provided  a better  overall  appreciation  of  the 
difficulties  already  encountered  by  past  researchers. 


TABU  2.  ORIENTATION  PHASE  CONTACTS 


AgMT 

TAXAOCCM 

XM-1  Program  Office 
M-60  Program  Office 
M-113  Program  Offica 
MICV  Program  Office 
Aberdeen  Proving  Grounds 
AMAC 
UARCOM 
MBBADCCH 

Waterways  Experiment  Station 
Ft.  Hood 
Ft.  Knox 

INDUSTRY 

ALCOA 

Chrysler  XM-1 
Chrysler  M-60 
Detroit  Diesel  Allison 
FMC 

Firestone 

Goodyear 

Standard  Products 
Bolt,  Beranek  and  Newman 
ACADEMIA 
San  Joae  Staee 
University  of  Michigan 


Tbs  first  itap  was  to  conduct  a computerised  lltaratura  search.  Kay 
words  war*  defined  to  identify  tltlaa  aad  abstracts  of  raporta  compiled  by 
OOP,  WHS,  NASA,  Inglneer  Index,  and  Dissertation  Abstracts.  Based  on  ths 
content  of  tbs  abstracts,  reports  were  ordered  fro*  the  appropriate  agencies. 

Upon  receiving  the  ordered  reports,  other  articles  were  identified  in  reference 
lists  at  tbe  end  of  each  report,  and  also  ordered. 

Although  the  computerised  literature  search  did  produce  the  largest 
tingle  source  of  inform t ion,  interviews  with,  and  eslsphons  calls  to,  personnel 
et  several  Amy  commends,  industrial  plants,  sad  universities  provided  many  of  the 

r, 

■see  pertinent  reports.  In  noet  cesee,  it  was  the  individuals  of  tha  track 
coamunlty  who  called  attention  to  work  that  had  been  done.  Their  cooperation, 
not  only  in  citing  the  literature  but  also  in  providing  Intereating  dialogue, 
enhanced  the  knowledge  accurulated  substantially. 

Aa  a result  of  tha  lltaratura  search,  a number  of  reporta,  hooka, 
aad  other  pieces  of  documentation  relevant  to  the  Track  Dynamics  Project 
were  accumulated.  A Hating  of  these  is  attached  as  Appendix  B.  Throughout  the 
course  of  the  project,  quest  for  the  literature  continued  aa  an  ongoing  effort, 
with  new  Information  being  dies  Inina  tad  to  key  individuals  whenever  It  wee 
obtained. 


Throughout  the  initial  orientation  to  problems  with  track.  Inquiry 
wee  particularly  directed  toward  the  area  of  high-speed  (30-50  mph)  dynamic 
problems . These  were  defined  as  those  being  vesoaaaee  or  inertlally  dominated, 
aa  opposed  to  other  phenomena  occurring  merely  because  the  tank  la  a moving,  or 
dynamic,  system  (such  as  road  pad  blowout  due  to  thermal  affects  at  high  speeds 
on  pavmmsnt).  Little  concern  over  tha  high-speed  dynamic  problems  was  found. 

Some  concern  wee  expressed  over  resonance  problems  end  excessive  noise  end 
vibration  et  intermediate  (15-30  mph)  operating  speeds.  In  addition,  two  Instances 
ware  cited  of  tests  in  which  rubber  bushed  track  allowed  a higher  vehicle  top 
■peed  then  did  lubricated  pin  track.  This  suggested  the  possibility  of  Important 
power-consuming  dynamic  phenomena  in  the  lubricated  pin  track. 

There  was  also  substantial  concern  expressed  about  noise  on  certain 
tracked  vehicles— particularly  noise  to  which  the  driver  /crew  ere  exposed.  Noise 
problems  involve  the  complex  Interactions  of  track  forcing  functions  with 
. suspension  and  vehicle  elements  end  structures.  Substantial  noise  problems  can 
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occur  without  large  energy  loeaea  or  damaging  wear  or  material  fatigue  oeeeaaarlly 
being  Involved.  While  noise  atudlea,  per  se,  were  not  conaidered  to  fall  within 
thaacope  of  the  Track  Dynamics  Program,  the  reaulta  of  the  dynamic  analytic  and 
dynamic  field  teata  were  monitored  for  reaulta  that  were  pertinent  to  the  noise/ 
vibration  problem. 

The  moat  salient  problem  identified  was  road  pad  thermal  blowout  or 
the  XM-1  modified- T-97  track  at  high  speed.  This  problem  appeared  to  be  be-  '.'ally 
unsolved  at  the  time. 

The  second  moat  salient  problem  area  was  the  TV  142  track  with  its  pin 
breakage  and  road  pad  chunking.  Progress  appeared  to  have  been  made  on  the 
chunking,  but  more  needed  to  be  done.  Some  people  expressed  the  view  that  Che 
chunking  was  more  of  a cosmetic  problem  than  a real  problem,  and  that  chunking 
really  does  not  influence  useful  wear  life  significantly.  The  pin  problem 
evolved  from  the  fact  that  the  T- 142  test  and  operating  conditions  were  more 
severe  than  originally  anticipated.  The  general  concensus  appeared  to  be  that 
it  was  a mistake  to  retain  the  T-97  pin  diameter  for  the  T-142  track. 

On  the  single  pin  track  designs,  two  areas  were  of  most  concern — bushing 
life  and  shoe  structural  fatigue.  Both  of  these  appeared  to  be  under  good 
engineering  control,  and  no  unusual  current  problems  were  identified.  A road  pad 
thermal  problem  at  high  spaed  has  existed  on  a single  pin  track  used  on  the  Dutch 
AIFV  vehicle.  The  basic  approach  to  handling  this  problem  appeared  tc  be  to 
decrease  road  pad  pressure  by  a slight  increase  in  track  width. 

The  basic  contention  that  single  pin  track  is  only  appropriate  for 
smaller  Army  vehicles  was  expressed  by  most  people  contacted  except  the  principal 
builders  of  single  pin  track,  who  believed  that  single  pin  designs  could  be 
appropriate  for  M-60  size  vehicles.  The  limitation  in  applying  single  pin 
designs  to  larger  vehicles  had  been  bushing  load  capacity. 

Figure  1 shows  a general  conclusion  of  current  track  problems  which 
were  identified  during  the  initial  review  of  the  technology.  Several  items  which 
appear  were  "product  improvement"  in  nature  rather  than  high-speed  dynamic 
problems,  per  se.  This  reflected  generally  the  opinions  of  that  portion  of  the 
track  community  who  dealt  with  the  day-to-day  problems  of  current  tracks. 


16 


DOUBLE  PIN 

' 0> 

1 

X 

r* 

X 

rw 

X 

X 

T-142 

X 

X 

X 

X 

X 

i 

S 

X 

PROBABLE 

POSSIBLE 

PROBABLE 

PROBABLE 

POSSIBLE 

PROBABLE 

POSSIBLE 

SINGLE 

PIN 

X 

X 

X 

X 

PROBLEM 

ROAD  PAD  THERMAL 

BLOWOUT  AT  HIGH  SPEED 

ROAD  PAD  WEAR 

PIN  BREAKAGE 

TRACK  GUIDANCE 

AND  THROWING 

ROAD  PAD  CHUNKING 

BUSHING  LIFE 

END  CONNECTORS 

SHOE  STRUCTURAL 

FAILURES 

SPROCKET  AND 

DRIVE  SURFACE  WEAR 

ROAD  WHEEL  PATH  THERMAL 
PROBLEMS  AT  HIGH  SPEED 

FIGURE  1.  TRACK  PROBLEM  AREAS  IDENTIFIED  DURING  INITIAL  ORIENTATION  PERIOD 
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Ths  information  on  eh*  CTMk  prebln  and  the  seat*  of  tha  art  of 
track  design  obtained  daring  the  first  pare  of  tha  program  waa  sufficient  to 
enable  tha  track  < ynemlca  program  to  ba  planned  in  aora  detail.  A three- 
fold approach  was  taken,  that  la,  laboratory  and  field  teats  were  used  in 
addition  to  the  analytical  studies  which  were  made.  The  major  areas  of  ltreesti- 
gatlon  can  be  grouped  as  follows: 
o Dynamic  effects 
o Load/stress  distribution 
o Effect  of  obstacles 
o Thermal  effects 


o Bushing  studies 
o Advanced  concepts  for  hardware 
o Field  tests /instrumentation  . 

Each  of  these  research  areas  is  dlscusstvi  in  letall  in  the  following  sections 
of  this  report. 


i fi: 
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Track  Dynamics 

At  the  beginning  of  eh*  program,  analyses  of  several  dynamic  effects 
ware  made,  using  band  calculations  or  relatively  simple  computer  program. 

These  studies  Included  the  calculation  of  the  natural  resonant  frequencies  of 
crack,  calculation  of  the  effects  of  the  kinematic  response  called  chordel 
action,  and  calculation  of  the  effects  of  centrifugal  force  and  link  dynamics. 
Near  the  end  of  the  program,  a comprehensive  computer  program  called  TRACKDYHB 
was  written,  which  takesinto  account  any  and  all  dynamic  effects,  including 
those  mentioned  ebove.  The  computer  programs  TRACKVIBE,  CHORDACT,  and  TRACKDYNE 
are  described  below,  together  with  the  analysis  of  the  track's  dynamic  path 
aid  tension. 


Track  Natural  Frequencies 

The  primary  purpose  of  the  dynamic  analysis  was  to  obtain  a more  basic 
lerstanding  of  the  motions  and  the  forces  in  the  track.  The  most  fundamental 
p in  understanding  the  behavior  of  any  dynamic  system  is  to  determine  its 
n .ral  modes  of  vibration'- that  is,  if  the  system  is  perturbed,  at  what  fre- 
quencies and  with  what  shapes  will  it  vibrate.  This  can  be  dons  by  formulating 
the  f genproblem  for  the  system  and  solving  it  with  a computer  program.  The 
eigennroblem  for  the  pitch  plane  motion  of  one  complete  T-142  track  on  an  M-60 
tank  /.as  coded  and  solved;  the  program  was  called  TRACKVIBE. 

Elgenproblem.  The  solution  of  the  eigenproblem  for  the  track  yields 
two  baaic  outputs.  First,  the  lowest  natural  frequencies  of  vibration  (eigen- 
values) are  determined.  In  any  solution,  all  the  natural  frequencies  can  be 
determined,  but  it  is  usually  the  lowest  that  are  of  the  greatest  practical 
interest  because  they  define  a fairly  simple  motion  and  require  less  energy  to 
excite.  The  shape  of  the  motion  of  the  track  associated  with  any  one  eigen- 
value is  called  the  eigenvector,  or  mode  shape.  The  first  few  eigenvectors 
will  usually  indicate  that  a small  section  of  the  track  is  responding  at  that 
section's  nacural  frequency,  while  the  rest  of  the  crack  has  small  displace- 
ments. At  higher  natural  frequencies,  greater  portions  of  the  track  respond, 
and  the  eigenvector  becomes  more  complicated.  As  expected,  greater  energy  input 
is  necessary  to  maintain  the  higher  modes  of  motion. 
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It  Is  important  to  understand  that  an  eigenvector  Is  only  an  indication 
of  possible  notions,  and  that  the  magnitude  of  the  motion  is  determined  by  the 
magnitude  of  the  input  excitation.  In  general,  a linear  system  that  is  perturbed 
from  rest  will  vibrate  with  a linear  combination  of  all  its  mode  shapes. 

However,  it  is  possible  to  cause  the  system  to  vlbrete  such  that  only  one  mode 
is  the  dominant  motion  by  exciting  that  section  of  track  at  the  appropriate 
natural  frequency.  This  can  be  done  by  an  Internal  input  to  the  system,  such 
as  the  Impact  of  sprocket  teeth  on  the  track,  otf  externally  by  traversing  a 
periodic  terrain. 

The  mode  shape  of  an  eigenvector  is  described  in  terms  of  normalised 
displacements— that  is,  the  maximum  displacement  Is  defined  as  a unit  displace- 
ment, and  all  other  displacements  are  proportionally  less,  depending  on  the 
mode  shape. 


Analytical  Model  of  Track.  Because  the  number  of  moving  parts  associated 
with  just  one  track  represents  several  hundred  degrees  of  freedom,  a structural 
finite  element  computer  code,  ADIHA,  was  used  to  model  the  system.  The  finite 
element  code  provides  a systematic  method  of  developing  a mathematical  model 
for  complicated  systems  by  automatically  setting  up  the  aquations  of  motion 
of  the  system  using  Input  Information  provided  by  the  user.  In  this  case 
the  input  information  Included  such  itema  as  overall  geometry,  length  of  shoes, 
stiffness  of  bushings,  and  masses  of  road  wheels.  The  total  number  of  degrees 
of  freedom  in  the  track  finite  element  model  was  546.  This  Included  80  shoes 
and  80  end  connectors  with  three  degrees  of  freedom  each,  the  road  wheals, 
the  front  idler,  together  with  its  connecting  linkage  to  the  front  road  wheel, 
the  road  arms,  and  the  center  of  gravity cf  the  hull. 

The  shoes  were  modeled  as  beams  having  a very  high  stiffness  46  x 10f 
lb/in.  The  end  connectors  were  modeled  as  beams  with  torsional  and  longitudinal 
stiffness  characteristics  of  the  rubber  bushings . The  road  arms  were  stiff 
along  their  longitudinal  axis,  but  had  torsional  characteristics  equivalent  to 
the  torsion  bar  suspension  characteristics.  Beams  were  also  used  to  model  the 
front  idler/front  roed  wheel  linkage.  Finally,  very  rigid,  massless  beams 
were  used  to  connect  the  road  arms,  the  sprocket,  the  three  support  idlers, 
and  the  front  idler  pendulum  to  the  c.  g.  of  the  tank.  Spring  elements  were 
used  to  model  the  road  wheels,  the  front  idler,  the  support  idlers,  and  the 
sprocket.  The  complete  model  is  shown  in  Figure  2,  and  a more  detailed 
representation  in  Figure  3. 
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vitalttM  ?trtM  l«ngth«  of  track  which  do  not  make 

contact  with  the  ground  can  b*  approximately  node lad  aa  strings  under  tension 
supported  at  two  points— for  exsap la,  between  support  Idlers.  There  la,  however, 
one  laportant  difference  Involved  In  nodellng  the  track  as  a tensioned  string. 

In  the  classical  solution  of  a vibrating  tenalooed  string,  it  Is  assuaad  that  the 
string  has  sero  bending  stiffness,  whereas  the  track  has  a large  bending  stiffness 
due  to  the  bushings.  Nevertheless,  as  a ganeral  check  on  the  finite  eleaent 
program,  a comparison  with  frequencies  based  on  vibrating  string  equations 
was  considered  worthwhile. 

For  a vibrating  string  of  length,  L,  mass  per  unit  length,  p,  and 
tension,  T,  the  r^—  harmonic,  ff,  is  given  by 


2 

For  the  T-142  track,  the  value  of  P was  approximately  .0278  lb-sec/ 
in^.  The  nominal  tension  In  the  trackwas  assumed  to  be  12,000  lb,  so  that  the 
value  of  the  radical  was:  \j“"  ■ 657  in. /sec.  The  value  of  string  natural  fre- 
quencies for  various  lengths  and  harmonics  Is  given  In  Table  3.  The  lengths 
used  In  Table  3 are  the  lengths  of  unsupported  track  shown  in  Figure  2. 

TABLE  3.  NATURAL  FREQUENCIES.  Hz,  OF  A VIBRATING  STRING* 


Length  (in.) 

1 

Harmonic 

2 

3 

77.1 

4.261 

8.522 

12.783 

63.0 

5.214 

10,428 

15.642 

51.5 

6.379 

12.758 

19.137 

43.9 

7.483 

14.966 

22.449 

40.9 

8.032 

16.064 

24.096 

34.4  • 

9.549 

19.099 

28.647 

(*)  String  tension  * 12,000  lb 

2 2 

(*)  String  mass  ■ .0278  lb-sec  /In.  . 
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Results.  Following  the  calculation  of  frequencies  baaad  on  vibrat- 
ing string  aquations,  the  actual  finlta  clamant  modal  was  exercitud.  The 
primary  results  of  the  alganproblsm  solution  arc  shown  in  Figure  3 , in  which 
the  first  20  eigenvectors  are  plottad  as  dotted  lines  superimposed  on  the 
undeformad  shapa  of  the  track  (solid  line).  Only  the  track  elements  of  the 
modal  are  shown  in  those  cases  in  which  only  the  track  is  responding.  When  ' 
the  road  wheels  respond,  the  complete  finite  element  model  is  displayed  in 
both  the  deformed  and  undeformed  shape. 

The  first  three  eigenvectors  are  the  longitudinal,  pitch,  and  bounce 
modes,  respectively,  of  the  tank  as  a rigid  body.  The  eigenvectors  Illustrated 
in  Figure  3d,  e,  f,  g,  h,  and  k are  analogous  to  the  first  modes  of  a tensioned 
string  and  can  be  compared  to  the  first  column  of  frequencies  in  Table  3 In 
general,  all  of  the  predicted  natural  frequencies  for  the  first  modes  of  the 
track  section  are  about  15  percent  higher  than  the  tensioned  string  prediction. 
The  reason  for  higher  frequencies  is  that  the  track  has  a bending  stiffness  due 
to  the  bushings,  whereas  the  classical  tensioned  string  solution  is  assumed  to 
have  no  bending  stiffness.  Mode  h also  shows  the  second  mode  of  the  77.1-ln. 
length  track  excited  partially,  whereas  mode  1 shows  that  second  mode  shape  as 
the  primary  excitation.  Again,  the  predicted  frequency  for  mode  i (9.825  Hr) 
is  15  percent  higher  than  the  second  mode  of  the  tensioned  string  (8.522  Hs). 

The  tenth  eigenvector  in  Figure  is  actually  a longitudinal  mode  of 
the  track  between  the  sprocket  and  front  idler,  although  there  are  several 
transverse  track  modes  being  partially  excited. 

In  Figure  31,  the  twelfth  track  mode  shape  is  the  second  mode  between 
the  rear  support  idler  and  sprocket,  and  has  a natural  frequency  approximately 
15  percent  greater  than  the  second  mode  of  a 63-in.  tensioned  string. 

The  third  mode  of  a 77.1-in.  tensioned  string  and  the  second  mode  of 
a 51.5-in.  tensioned  string  are  approximately  12.8  Hz,  as  seen  in  Table  1. 

Both  of  these  mode  shapes  are  excited  in  the  track  at  14.79  Hz,  Figure  3n,  and 
15.33  Hz,  Figure  3r.  There  is  also  a partial  response  in  Figures  3o,  3p,  3q,  and 
3s.  Other  mode  shapes  corresponding  to  a tensicned  string  are  at  frequencies 
higher  than  those  calculated  by  the  finite  element  code. 
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The  eigenvector*  shown  in  Figure*  3d,  o,  p,  q,  s,  and  t corres- 
pond primarily  to  road  wheel  hop  natural  frequencies  at  about  15  Hs.  It 
is  Interesting  to  compare  Figure  3 n to  It,  in  which  both  the  front  and  rear 
road  wheel*  are  responding.  In  Figure  3a,  the  road  wheel  motion  la  in  phase, 
whereas,  in  Figure  3t,  the  road  wheels  are  out  of  phaee.  In  both  cases, 
the  second  mode  of  the  track  between  the  front  idler  and  front  road  wheel 
is  responding.  Normally,  this  would  not  be  expected  until  (1.15)  x (19,099) 

- 21.96  Hz,  but  the  interaction  between  the  track  and  road  wheel  has  re- 
duced the  responding  frequency. 

In  summary,  the  results  to  date  indicate  the  usefulness  of  finite 
element  computer  techniques  for  modeling  complex  dynamic  systems.  Rote  that 
in  addition  to  predicting  the  frequencies  at  which  the  different  lengths  of 
track  vibrate,  the  wheel  hop  and  rigid  body  natural  frequencies  are  also 
predicted.  It  can  be  observed  that  for  the  T-142  track,  the  track  section 
natural  frequencies  are  only  15  percent  higher  than  can  be  determined  by  a 
tensioned  string  analysis.  This  percentage  is,  of  course,  dependent  on  the 
torsional  stiffness  of  the  bushings,  end  would  be  different  for  other  track. 

Chordal  Action  (CHORDACT) 

As  th*  track  engagsa  the  sprocket.  Its  affective  rnonsnt  arm  varlaa 
a bit  as  tha  teath  move  pest  the  point  of  apparent  tangency.  Consequently, 
if  the  sprocket  turns  at  constant  angular  velocity,  the  adjacent  span*  of 
track  move  sometlaws  fester  and  son* times  slower  then  their  mean  velocity, 
their  speed  varying  cyclically  as  each  link  passes.  Similar  affects  are  ssen  at 
tha  road  wheels  and  front  idler.  This  variation  of  velocity  has  bean  widely 
recognised  aa  a source  of  vibration  in  roller  chain  drives,  and  la  known  as 
chordal  action. 

If  the  tank  also  moves  at  constant  velocity  with  respect  to  th*  ground, 
than  th*  velocity  varirtiona  must  be  absorbed  by  cyclically  stretching  and 
releasing  the  track  in  the  span  between  the  aptocket  and  the  rear  road  wheel, 
and  by  shear  deformation  of  the  road  pads.  Periodic  forces  thus  generated  ere 
transmitted  to  the  hull  through  the  sprocket  shaft  and  the  suspension,  causing 
noisa  and  vibration.  In  severe  cases,  th*  forcaa  may  alao  add  significantly 
to  tha  stressing  of  the  track  parts. 


At  highway  ipaada,  sonic  velocity  in  tha  track  la  no  longar  high 
enough  to  dla tribute  tha  stretching  throughout  tha  available  span  of  track 
in  tha  available  tins,  Tha  excitation  at  tha  ends  of  tha  track  spans  gener- 
ates force  and  defomatlon  waves  that  travel  along  tha  track  at  sonic  velocity. 
The  amplitude  of  a sonic  force  wave  is  independent  of  tha  bngth  of  tha  track 
span  or  its  Initial  tension.  It  is  directly  proportional  to  tha  velocity 
variation  and  to  the  square  roots  of  the  mass  per  unit  length  and  the  spring 
rate  of  the  track.  Sonic  velocity  in  the  T-142  track  is  only  about  800  ft/sec, 
or  a little  sere  than  10  tines  the  velocity  of  the  track  Itself  at  50  aph. 

Within  the  speed  range  of  interest,  therefore.  Increased  speed  results  in 
stronger  excitation  of  chordal  effects. 

The  kinematics  of  the  double-pin  T-142  configuration  on  an  11- tooth 
sprocket  can  be  worked  out  in  detail  if  it  is  assusied  that  the  span  is  straight, 
so  that  the  track  flexes  about  only  one  pin  at  a tine.  The  maximum  longitudinal 
displacement  from  mean  position  is  ± .0062  inch,  and  the  velocity  variation  is 
from  -1.081  to  -+0.40X.  If  the  .0062-inch  displacement  is  distributed  throughou; 
the  track  strand  from  the  sprocket  to  the  rear  road  wheel,  the  resulting  force 
is  only  330  lb.  At  50  mph,  however,  the  sonic  force  wave  resulting  from 
a 1.081  velocity  variation  would  peak  at  2500  lb.  This  would  be  a compression 
wave  at  the  sprocket  entrance  and  a tension  wave  at  the  sprocket  exit. 

The  peak-to-peak  tension  variation  would  be  3450  lb.  at  both  locations.  These 
forces  would  not  be  high  enough  to  cause  distress  to  the  track.  Applied  to 
the  hull,  however,  they  could  be  a significant  source  of  noise. 

By  way  of  comparison,  a single-pin  track  having  the  same  6.94- 
lnch  pitch  would  run  on  an  11-tooth  sprocket  with  a longitudinal  displace- 
ment from  mean  position  of  ± .018  inch  and  a maximum  velocity  variation  of 
-2.681.  In  practice,  of  course,  the  pitch  of  the  single-pin  track  would 
probably  be  somewhat  shorter  than  this. 

The  kinematics  of  the  double-pin  track  as  it  rounds  the  rear  road 
wheel  were  more  difficult  to  define  because  the  shoes  are  in  rolling  contact 
with  the  wheel,  and  their  precise  attitude  at  any  time  is  not,  in  general, 
known.  Two  positions  of  symmetry  do  exist,  however,  if  dynamic  effects  are 
ignored.  These  are  when  a shoe  is  centered  half  way  betwaen  the  entrance 
and  exit  points,  and  when  an  end  connector  is  so  centered.  By  assusdng  the 
middle  of  the  centered  link  to  lie  tangent  to  the  road  wheel,  it  was  possible 
to  derive  the  positions  of  all  of  the  links  in  contact  with  the  wheel.  It 
was  calculated  that  there  is  .018  inch  more  track  on  the  road  wheel  when  the 
end  connector  is  centered  than  when  the  shoe  is  centered.  Thus,  the  longitudinal 
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displacement  from  naan  position  la  at  laaat  SOX  hlfhar  at  the  rear  road 
wheel  than  at  tha  sprocket.  Tha  aonlc  forcaa  davalopad  nay  trail  ba  higher,  alao. 
Tha  front  Idlar  and  tha  front  road  wheel  nay  alao  ba  aoureaa  of  hlghar  aonlc 
forcaa  than  the  sprocket.  Attention  was  focuaad  on  tha  raar  wheal  becaaua 
tha  hlghar  tana Ion  In  tha  apan  from  the  aprocket  down  makes  tha  system  laea 
fcrgiving  there. 

In  tha  above  analysis,  It  la  assumed  that  tha  track  flexes  about  only 
one  pin  at  a tine.  In  reality,  buahlng  atlffnaaa  and  Hide  inertia  cause  the 
apan  to  arch  or  assume  a wave  shape,  so  that  several  pins  participate  at  once 
in  tha  flexing  of  tha  track.  This  tends  to  aaooth  out  chordal  excitation. 
Furthermore,  tha  whole  system  la  softer  because  longitudinal  displacement  can 
ba  accomodated  by  pulling  tha  apan  to  a stralghtar  profile  instead  of  by  stretch- 
ing tha  track  structure.  Consequently,  chordal  forces  approach  the  calculated 
magnitude  only  if  apparent  track  tension  is  vary  high,  and  the  anticipated 
increase  of  chordal  force  with  speed  may  not  be  observed  otherwise. 

In  order  to  determine  whether  resonance  or  superposition  of  waves 
traveling  in  opposite  direction*.'  might  generate  high  cyclical  force  in  the 
highly-teiwloned  apan  between  the  aprocket  and  the  rear  road  wheel,  a simple 
two-dimensional  f ini te-e lament  computer  simulation  of  this  span  (CHORDACT) 
was  written.  The  model  is  shewn  in  Figure  4.  The  span  was  assumed  to  be 
straight,  with  flaxing  about  one  pin  at  a time  at  each  end,  and  no  effects  of 
track  velocity  were  Included,  Consequently,  the  results  are  more  to  be  trusted 
under  low  speed,  high  tractive  effort  conditions  than  whan  speed  is  high  and  ^ 
engine  power  limits  the  tractive  effort. 

The  finite-element  model  includes  ten  track  pitches,  the  contacts 
with  the  sprocket,  road  wheel,  and  ground,  and  the  motion  of  the  road  wheel  on 
its  suspension  arm.  It  is  excited  at  each  end  by  imposing  periodic  motions 
having  the  amplitude,  wave  form,  and  phase  relationship  determined  by  the 
previously-described  kinematic  analysis.  The  frequency  of  excitation  is  varied 
to  simulate  different  vehicle  speeds.  Figure  5 shews  the  wave  form  used 
for  the  excitation. 

CHORDACT  performs  numerical  integrations  of  the  equations  of  motion 
of  the  various  masses  to  determine  tha  time  histories  of  their  positions,  and 
from  these  positions  it  computes  time  histories  of  the  various  forces  of  interest. 
Figure  6 is  typical  of  the  program's  output.  The  cyclical  cosponant  of 
track  tension  at  the  sprocket  entrance  is  plotted  as  a function  of  time, 
with  tha  first  .02  second  of  the  run  delated  because  it  was  dominated  by  unreal- 
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FIGURE  4 . SKETCH  OF  T-142  TRACK  SECTION  MODELED  TO  PREDICT  VARIATION  IN 


TRACK  TENSION  DUE  TO  LONGITUDINAL  CHORDAL  ACTION  AT  SPROCKET 
ENTRANCE  AND  REAR  ROAD  WHEEL  EXIT 


FIGURE  5. 


LONGITUDINAL  DISPLACEMENT  OF  T-142  TRACK  DUE  TO 
CHORDAL  ACTION  AT  10  MPH 
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laeic  transients.  It  can  ba  aaan  that  a steady-state  periodic  response  la 
achieved  vary  quickly.  From  this  plot,  the  peak-to-peak  tension  variation  can 
ba  determined  for  the  parr  If-,  tar  operating  conditions  of  the  run. 

The  results  of  several  CHORDACT  runs  at  different  speeds  and 
with  varying  damping  are  shown  In  Figure  7.  At  50  npht  a peak-to-peak 
tension  variation  of  3100  lb.  is  predicted,  agreeing  well  with  the  3450  lb. 
predicted  by  the  staple  sonic  analysis  described  earlier.  As  the  speed  la 
decreased,  sonic  theory  predicts  that  the  tension  variation  should  fall 
off  rapidly,  while  CHORDACT  detects  resonances  at  30  and  15  aph  which  cause  the 
tension  variation  to  remain  high.  In  no  case,  however,  does  It  exceed  3600  lb. 

Comparing  the  results  with  those  of  TRACKVIB,  the  resonance  at  30  aph 
(75  Hs)  Is  thought  to  be  the  first  longitudinal  natural  frequency  of  the  track 
span.  The  resonance  at  15  aph  is  near  the  34  Hx  wheel-hop  frequency. 

All  of  the  CHORDACT  runs  were  made  with  a 20,000  lb.  aaan  tension. 
Critical  claaping  for  a rubber-bushing  pin  was  taken  to  be  140  In- lb.  sec/rad  In 
torsion  and  380  lb.  sec/in  In  the  radial  direction.  The  actual  daaplng 
characteristics  of  the  bushings  are  not  known. 

As  described  in  the  next  section,  the  TRACKDYNE  computer  simulation  of 
track  running  over  the  front  Idler  includes  the  entire  span  from  the  idler  to 
die  front  road  wheel,  and  also  a dummy  span  approaching  the  idler.  It  compre- 
hends the  cyclical  tension  generated  in  those  spans  from  any  phenomena  operating 
at  the  Idler  or  at  the  road  wheel  entrance.  As  shown  In  Figure  8»  TRACKDY1B 
results  verify  that  the  cyclical  tension  depends  importantly  on  apparent  track 
tension,  and  that  the  magnitude  is  generally  below  that  predicted  by  simplified 
analyses.  Contrary  to  the  results  of  simplified  analyses,  TRACKDYNE  indicates 
that  cyclical  tension  decreases  as  speed  Is  Increased  from  35  to  70  aph,  at 
least  in  the  vicinity  of  the  Idler. 

Resonance  is  to  be  expected  when  the  chordal  excitation  frequency 
coincides  with  a natural  frequency  of  the  track  as  predicted  by  TRACKVIBE.  At 
present,  TRACKLYNS does  not  include  enough  of  the  track  circuit  to  respond 
meaningfully  in  this  regard.  A run  at  20  mph  and  5000  lb  apparent  tension  did, 
however,  predict  an  unexpectedly  large  cyclical  variation  in  the  inlet  tension 
of  2800  pounds,  which  was  evidently  the  result  of  a resonance. 
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FIGURE  7.  VARIATION  IN  TRACK  TENSION  AT  SPROCKET  ENTRANCE 

DUE  TO  LONGITUDINAL  CHORDAL  ACTION  AT  THE  SPROCKET 
ENTRANCE  AND  REAR  ROAD  WHEEL  EXIT  (T-142  TRACK  ON 
M-60  TANK) 
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Apparent  Tana Ion,  lb. 


FIGURE  8.  CYCLICAL  TENSION  IN  TRACK  ADJACENT  IDLER 
AS  GIVEN  BT  TRACKDYf®  (T-142  TRACK) 
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la  su—sry,  tensile  forces  dne  to  chordal  action  have  not  boon  Identified 
as  o oourco  of  distress  to  the  track  bocouao  tho  foreoa  predicted  aro  as,  ordor 
of  magnitude  bo low  tho  design  atrongth  of  tho  crook.  Cyclical  foreoo  transmitted 
Co  tho  trail  could,  however , bo  a aourca  of  annoying  oolao.  Tho  peak-to-peak 
eaoalon  excursion  probably  dooa  not  exceed  3000  pounds  unloaa  it  la  amplified 
by  a roaoaane  vibration.  Tho  wognltudo  of  such  vibration*  could  bo  prodlctod 
by  an  expanded  version  of  the  TkACXDTIC  s leu  lot  Ion  that  would  Include  tho 
entire  track  circuit. 


If  a track  having  no  Internal  stiffness  wore  stretched  statically 
over  a pair  of  sprockets  (or  a sprocket  and  a wheel),  it  would  fore  a 
straight- line  tangent  to  their  surfaces,  neglecting  tho  effects  of  gravity. 

In  a real  track,  the  spring  torque  of  the  rubber  bushings  provides  Internal 
stiffness  that  causes  the  track  to  arch  outward  beyond  the  straight- line  tangent. 
It  then  curves  around  the  sprockets  somewhat  before  becoming  tangent  to  then, 
such  that  the  arcs  of  contact  are  reduced.  The  amount  r»f  arching  will  be 
reduced  If  the  track  tan* Ion  1*  increased  by  separating  the  sprockets.  This 
tends  to  stretch  the  track  path  Into  a stralghter  line.  Thus,  the  longitudinal 
spring  rate  of  the  track  has  conponents  due  to  deformation  of  bushings  and 
pin*  and  another  component  due  to  straightening  of  the  track  path.  Conversely, 
the  track  tension  cannot  be  reduced  to  sero  by  any  small  decrease  In  the  sprocket 
center  distance.  The  track  will  respond  by  arching  further  to  maintain  its 
path  length  so  that  there  is  still  some  tension.  In  long  horlsontal  runs, 
such  as  that  from  the  drive  sprocket  to  the  front  idler,  gravity  mey  cause 
the  center  of  the  arch  to  collapse,  but  the  sections  of  track  near  the  ends 
of  the  run  will  still  maintain  their  arch  shape. 

If  now  the  rubber-bushed  track  Is  considered  to  be  operating  at  high 
speed,  dynasdc  forces  generated  within  the  track  Influence  its  path  in  two 
Important  ways.  First,  a centrifugal  tension  is  developed  which,  perhaps 
contrary  to  intuition,  is  almost  Independent  of  sprocket  diameter  and  inde- 
pendent of  angle  of  wrap.  The  centrifugal  tension  exists  at  all  points  along 
the  length  of  the  track  and  Its  magnitude  is  given  by 

T -mV2 
c 

where  m is  the  mass  of  the  track  per  unit  length,  and  V is  its  velocity  relative 
to  the  sprocket  centers.  At  50  nph,  a track  having  the  mass  of  the  T-142 
will  develop  a centrifugal  tension  of  22,000  lb. 
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Zf  eh*  c*nt*r  of  mii  of  eh*  track  war*  located  on  le*  pitch  surface, 
eh*  c*nerlfug«l  t*n* ion  would  b*  *qual  everywhere  In  th*  track  and  completely 
Independent  of  sprocket  diameter.  In  fact,  the  cantor  of  meat  of  moat  track* 
is  farther  out  becauae  of  the  weight  of  the  road  pada.  Consequently,  th*  canter 
of  mess  travel*  at  hlghar  velocity  on  the  sprocket*  than  in  the  spans,  and 
tha  TRACKDTNt  results  showed  that  centrifugal  tension  is  a few  hundred  pounds 
higher  there.  The  effect  of  centrifugal  tension  la  to  stretch  the  track  by 
deformation  of  Its  bushings,  pins,  and  other  structural  parts.  The  total 
path  length  is  thus  increased  and  the  rub bar -bus had  track  accomnodataa  this 
by  forming  a more  highly- arched  path  between  the  sprockets.  Th*  changes  in 
track  path  and  sprocket  force  are  the  same  as  those  produced  in  th*  static 
case  by  decreasing  the  center  distance.  Thus , th*  preload  forcea  carried  through 
the  hull  are  actually  reduced  if  tha  center  distance  la  fixed.  The  dynamic 
tension  of  a span  is  thus  composed  of  two  components— an  apparent  component 
that  contributes  to  power  transmission  and  forces  transmitted  to  the  hull, 
and  a centrifugal  component  that  Is  undetectable  by  force  measurement  external 
to  the  track  except  as  its  presence  may  be  Inferred  by  noting  the  result  of  a 
change  in  speed. 

The  second  way  in  which  dynamic  forcas  influence  the  track  path 
results  from  the  rotary  momentum  of  the  track  parts  about  thalr  cwn  centers 
of  gravity  as  thay  axit  from  tha  sprockata.  As  the  links  tend  to  continue 
tumbling  at  sprocket  angular  valoclty,  thay  tend  to  carry  the  track  in  an 
arc  paralleling  tha  sprocket  circumference,  in  a path  that  comes  closer  to 
the  line  between  th*  sprocket  centers  than  does  the  straight-line  tangent, 

Tha  dynamic  af facta  oi  angular  momentum  thus  influence  the  track  path  in 
tha  opposita  dlraction  from  tha  arching  produced  by  the  rubber  bushings. 

Roller  chains,  which  have  no  springs  associated  with  the  pivots,  behave  in 
this  way.  As  the  chain  moves  farther  from  the  sprocket,  its  tension  eventu- 
ally stops  tha  rotation  of  the  links  and  pulls  them  back  toward  the  straight- 
line  tangent  path.  Having  reached  that  path,  though  they  now  have  out- 
ward velocity  end  continue  past  it.  Oscillations  continue  about  the 
straight-line  path  until  they  ere  damped  by  friction,  forming  standing 
waves.  That  it,  th*  path  form  is  sinusoidal  end  appears  fixed  in  space 
to  an  observer  who  is  stationery  with  respect  to  the  sprocket  centers.  The 
phenomenon  is  familiar  to  anyone  who  has  spun  the  free-hanging  band  chain 
of  a hoist  end  observed  the  path  followed  by  the  chain  as  it  starts  upward. 
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Solution  for  One  Span.  In  order  to  quantify  by  hand  calculations 
these  various  effects  that  sisailtanoously  influence  the  track  path,  the  track 
was  modeled  as  a homogeneous  band  having  the  seme  stiffness,  mass  per  unit  length, 
and  rotary  inertia  per  unit  length  as  the  actual  linked  track.  The  bead  was 
considered  to  be  running  on  a saooth  drum  having  £he  pitch  radius  of  the 
sprocket.  The  center  distance  was  considered  to  be  infinite,  so  that  the 
band  eventually  became  asymptotic  to  a straight  line.  Differential  equations 
were  formulated  and  a general  solution  was  achieved. 

The  slope  of  the  tangent  to  the  track  path  at  any  distance,  s, 
from  the  point  of  tangency  is  of  the  exponential  form 


where  * pitch  radius  of  sprocket 

a2  m total  tenaion  - centrifuge!  tension 
dynamic  stiffness 

The  dynamic  stiffnesr  is  defined  as  the  difference  between  e bushing  spring 
rate  term  and  an  angular  momentum  term: 

Dynamic  stiffness  * ~ - IjNV^ 

where  a ■ torsion  spring  rate  of  bushings  on  one  pin 
n • number  of  pins  per  unit  length 
1^  - moment  of  inertia  of  one  link 
N » number  of  links  per  unit  length 
V ■ pitch  line  velocity. 


This  equation  applies  equally  to  the  entrance  end  exit  of  the  sprocket.  It 
can  be  reduced  to  rectangular  coordinates  by  taking  the  first  few  terms  of  the 
series  expansions  of  the  sine  end  cosine  functions: 
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The  height  of  the  arched  profile  la  approximated  by  cho  offsoe  of  the  asymptote 
fro*  the  tseganf  to  tha  sprocket: 


Tha  actual  path  length  la  longer  than  cha  straight-line  tangent  by 

4 * V~2  ' 

U«  3rp2 

Tha  above  aolutlon  appllaa  to  low  and  moderate  speeds,  vhara  tha 
dynamic  tanalon  la  poaitlva  and  tha  track  followa  an  arehad  path.  If  tha 
apaad  la  aufflclently  incraaaad,  it  can  ba  aaan  that  tha  angular  aomentum 
tana  bee owes  larger  than  tha  buahlng  aprlng  rata  tarn.  Tha  dynaalc  tanalon 
than  bacoaea  nagatlva  and  S bacoaaa  laag lnary.  Tha  physical  aaanlng  of 
this  la  that  tha  track  has  gone  into  a standing  wave  node  of  operation.  For 
a track  with  tha  characteristics  of  tha  T-142,  this  transition  was  predicted 
at  46  aph. 

In  tha  above  analysis,  tha  affective  aoaant  of  inertia  of  one  Hide,  I. , 
was  taken  to  be  tha  aoaant  of  Inertia  of  the  two  shoes  about  their  canter  of 
aaas,  plus  tha  affect  of  a pin  and  half  the  mass  of  the  associated  connectors 
acting  at  point  masses  located  at  the  pin  centerlines.  However,  l.ter  exper- 
ience with  the  TRACKDYNE  computer  simulation,  which  predicts  the  path  of  an 
actual  linked  track,  Indicated  that  the  dynamic  stiffness  calculated  thin  way 
was  actually  too  low.  Consequently,  tha  transition  speed  may  be  10  or  15  mph 
higher  than  indicated  by  tha  continuous  band  analysis. 

Transition  to  the  standing  wave  mode  docs  not  mean  that  the  track 
tension  suddenly  becomes  substantially  higher  or  that  rough  operation  will 
necessarily  result.  The  transition  speed  is  best  understood,  on  the  contrary, 
as  the  speed  at  which  the  tension  required  to  make  the  track  follow  a straight- 
line-tangent  path  becomes  zero.  At  this  one  spaed,  the  track  has  no  tendency 
to  take  up  slack  length  by  making  arcs  or  waves,  so  that  a disorganised 
fluctuation  of  the  path  shape  would  be  expected.  It  is  thought,  however,  that 
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thera  is  substantially  laaa  ability  to  store  and  redeliver  the  rotary  kinetic 
energy  of  the  links  as  the  standing  wave  mods  is  approached  end  entered.  The 
potential  power  loss,  if  this  is  true.  Is  several  huadreda  of  horsepower, 
and  one  objective  of  the  TRACKDYHE  computer  simulation  was  to  further  explore 
the  Mechanises  of  power  loos  at  high  speed. 


Solotion  for  Track  Circuit.  The  actual  operating  tension  of  the  track 
under  various  conditions  of  speed,  tractive  effort,  and  initial  preload  nay 
be  found  by  slaniltaneous  application  of  the  solutions  for  each  span  to  all  of 
the  sprocket  or  wheel  entrance  or  exit  points  In  the  track  unit.  The  strand 
on  the  ground  Is  assuned  to  follow  the  straight-line  tangent  path.  This  leaves 
the  exit  fron  the  reer  road  wheel  and  the  entrance  to  the  drive  sprocket 
operating  a*  thigh  tension,  and  four  other  points  operating  at  low  tension. 

The  solution  proceeds  as  follows : 

Assuming  the  initial  tension  to  be  acting  statically  everywhere 
in  the  track,  the  path  length  can  be  calculated  knowing  the  number  of 
pitches  and  the  amount  each  will  be  stretched  by  the  preload.  0 can  be 
evaluated  taking  V * 0,  and  the  difference  between  the  path  length  and  the 
straight-line  tangent  length  can  be  calculated.  The  straight-line  tangent 
length  of  the  track  circuit  is  then  known.  1 

If  tractive  effort  and  speed  are  now  applied,  about  one-third  of  1 

the  track  length,  from  an  effective  point  of  ground  contact  up  to  the  drive  j 

sprocket,  is  highly  tensioned  so  that  it  is  stretched  snd  straightened.  The  1 

rest  of  the  track  contracts  correspondingly,  and  its  tension  may  lncroase  ; 

l 

or  decrease  depending  on  the  relative  values  of  speed  and  tractive  effort. 

i 

In  general,  the  total  path  length  will  be  longer.  ] 

i 

Tight  and  slack  side  tensions  are  most  cssily  found  by  iteration. 

If  a tight  side  tension  is  sssumad,  the  slsck  aids  tension  is  calculated 

knowing  the  tractive  effort.  The  total  length  of  the  track  path  can  be 

calculated,  knowing  the  portion  of  track  exposed  to  each  tension.  The 

difference  between  path  length  and  straight-line  tangent  length  cen  also  be 

calculated  for  each  strand,  yielding  a trial  value  tor  the  total  straight-  | 

line  tangent  length  of  the  track  circuit.  This  value  should  be  the  seme  as  \ 

that  calculatad  for  the  static  preload  case.  If  not,  the  tight  side  tension  I 

is  appropriately  changed  and  another  trial  is  asde.  \ 
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Ca lculations  haw  b«ea  aadt  for  the  T-142  t:sck,  rrr— e atae&e 
praload  of  12,000  lb.  Tho  results  of  the  extreme  caaaa  war*  a«  follow*: 


Tight  Sid* 
IWtflB 


Slow  Spaad , 40,000  lb 

Traceiv*  Effort  43,040  lb 

35  mph,  3500  lb 
Tract iw  Effort 

(about  750  hp)  15,670  lb 


Slack  Side 

3,05C  lb 


12,170  lb 


The  aprockat  exit  and  entrance  path*  for  35  nph  aad  3500  lb  tractive  effort 
are  plotted  In  Figure  9.  It  can  be  aeen  that  the  slack  side  leaves  the  sprocket 
23.3  degrees  before  the  point  of  apparent  tangancy  and  arches  to  a point  1.01 
inches  beyond  the  straight-line  tangent.  The  tight  side  enters  the  sprocket 
12.7  degrees  beyond  the  point  of  apparent  tangancy  and  arches  only  0.30  Inch. 

The  centrifugal  tension  in  this  case  is  10,700  lb.  Since  centrifugal  tension 
la  alaRMt  as  high  as  the  alack  side  tension,  arching  there  Is  pronounced. 


Steady-State  Pynanlc  Track  Stimulation  (TKACEPYffE) 


During  the  last  six  wraths  of  the  project,  a computer  prograwsing 
task  was  undertaken  to  slaulate  in  detail  the  actual  running  of  a double-pin 
track  around  its  circuit  by  computing,  over  a period  of  tine,  the  sloultaneoua 
notion*  of  the  component  parts  as  they  interact  with  their  neighbors  In  the 
track  aad  with  the  wheels,  sprocket,  and  ground.  This  effort  was  aade  because 
of  continued  uncertainty  sa  to  the  notions  of  track  parts  as  they  enter  and 
leave  contact  with  the  wheels  and  sprocket.  It  la  necessary  to  know  their 
notions  to  assess  the  energy  lost  in  accelerating  and  decelerating  the  links, 
to  evaluate  with  confidence  the  severity  of  lapact  and  vibration,  and  to  predict 
the  results  of  design  changes  which  affect  the  weight,  spring  rate,  or  damping 
of  the  parts. 

To  adequately  answer  these  questions,  the  s inula t Ion  must  be  detailed 
enough  to  accurately  nodal  the  interaction  of  tUa  track  with  its  surroundings. 
When  a track  shot  contacts  a wheal,  for  instance,  the  center  of  contact  may 
be  naar  the  center  of  the  flat  of  the  shoe,  or  it  may  be  near  the  edge  of  the 
flat,  cr  the  corner  of  the  shoe  nay  be  indenting  the  wheal.  The  spring  rate 
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and  damping  varlas  accordingly,  and,  in  addition,  tha  spring  is  nonlinaar 
ba causa  tbs  roundad  surfacas  bring  more  araa  into  contact  undar  haaviar 
loads.  Tha  spring  ratas  and  damping  in  tha  tangential  diraction  ara  different 
than  those  in  the  normal  direction,  and  there  is  also  sliding,  depending  on 
the  normal  force  and  tha  coefficient  of  friction.  On  the  other  hand,  a three- 
dimensional  model  is  not  needed  because  the  operating  conditions  of  Interest 
are  steady-state  ones  that  impose  generally  uniform  conditions  across  the 
width  of  the  track.  The  P1HSTUSS  analysis  provides  spring  rates  by  which 
the  radial  sag  of  the  track  center  on  the  sprocket  can  be  included. 

Since  the  task  was  challenging,  a logical  first  step  was  to  write 
a portion  of  the  program  dealing  with  track  action  over  the  front  idler  and 
down  onto  the  front  road  wheel.  This  also  appeared  to  be  a portion  of  the 
task  that  could  be  completed  soon  enough  to  bring  a useful  return  of  informa- 
tion within  the  present  report  period.  This  IDLER  portion  of  the  TRACKDYNE 
program  is  now  completely  operational  and  it  has  been  used  to  study  the 
dynamic  action  of  the  T-142  Track  both  at  conventional  speeds  and  at  higher 
speeds  that  have  not  yet  bean  reached  by  actual  tracked  vehicles.  As  far  as 
is  known,  this  is  the  most  advanced  program  that  has  been  developed  for 
studying  the  precise  dynamics  of  rubber-bushed,  linked  track. 

The  TRACKDTHE  program  provides  a detailed  history  throughout  a 
pitch-passage  cycle  of  the  motions  of  the  track  parts  and  the  forces  affecting 
them.  It  also  sums  the  energy  dissipated  in  each  damping  element  during  a 
cycle  and  performs  an  energy  balance  for  the  entire  system.  The  IDLER  section 
provides  a framework  that  can  readily  be  expanded  to  Include  the  entire  track 
circuit. 


Description  of  Model.  The  present  TRACKDYNE  model  includes  a span 
of  track  approaching  the  idler,  the  wrap-on,  carry-a round,  and  wrap-off  araas 
of  the  idler,  the  full  span  to  the  front  road  wheel,  and  the  wrap-on  at  the 
front  road  wheel-  As  many  as  thirty  track  links  can  be  simulated  at  any 
given  time,  though  only  twenty-three  are  needed  to  reproduce  the  M-60  geometry. 
The  circuit  geometry  is  illustrated  by  Figures  10a  and  10b,  which  are  actual 
Calcomp  plots  of  the  track  geometry  under  two  different  conditions.  Figure  10a 
shows  the  track  geometry  when  running  at  35  mph  with  1500  pounds  apparent 
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tension,  while  Figure  10b  represents  the  70  mph,  1500  pound  epperent  tension 
condition.  (These  plots  ere  discussed  further  on  pegs  72.) 

In  the  TRACKDYNE  computer  simulation,  the  track  is  allowed  to 
remain  on  the  road  wheel  until  it  is  carried  around  out  of  the  area  of 
interest,  where  successive  links  are  removed  from  the  system  as  they  arrive. 
At  the  same  time,  new  links  are  successively  introduced  at  Poeltion  1 so 
that  there  are  always  23  in  the  system  and  the  available  running  time  is 
unlimited.  The  dimensions  and  number  of  shoes  in  the  system  are  easily 
changeable,  end  the  idler  may  have  a different  diameter  than  the  road  wheel. 

Each  link  of  the  double-pin  track  is  modeled  es  two  independent 
rigid  masses,  one  representing  the  two  shoes,  and  the  other  representing  a 
combination  of  the  two  and  connectors,  the  centerguide,  and  the  two  pins. 
Only  motions  in  the  plane  of  the  track  circuit  are  considered.  The  center 
of  shoe  mass  may  ‘be  offset  from  the  line  connecting  the  pin  centers.  The 
masses  are  connected  by  linear  springs  and  viscous  dampers  representing  the 
combined  tensile  deflections  of  the  bushings,  pins,  and  binocular  tubes  in 
two  directions,  and  by  torsional  springs  and  viscous  dampers  representing 
the  torsional  characteristics  of  the  bushings. 

The  idler  and  road  wheel  are  modeled  as  rigid  masses  (except  for 
their  rubber  surfaces)  of  appropriate  moment  of  inertia  turning  on  fric- 
tionless bearings.  Since  only  part  of  the  track  circuit  is  being  simulated, 
the  centers  of  the  wheels  are  fixed. 

The  ehoe-to-wheel  (or  idler)  contact  is  modeled  as  a combination 
of  a linear  spring  and  a spring  whose  force  varies  as  the  square  of  deflec- 
tion. The  system  is  predominantly  square-rate  because  of  the  Increase  in 
contact  area  as  the  round  wheel  Indents  the  flat  of  the  shoe.  A combina- 
tion of  viscous  and  dry  friction  dampers  is  used  to  reproduce  the  damping 
characteristics  of  the  shoe,  which  were  determined  by  tests  at  Battalia 
earlier  In  the  program.  Tangential  deflections  are  modeled  similarly,  but 
with  different  spring  rates  and  damping  constants.  Sliding  is  allowed 
whan  the  ratio  of  tangential  force  to  normal  force  exceeds  a specified 
coefficient  of  friction.  Lower  spring  rates  and  damping  constants  are 
used  if  the  center  of  contact  is  off  center  on  the  flat  of  the  shoe,  or 
if  the  corner  of  the  shoe  is  in  contact  with  the  surface  of  the  wheel. 
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Dimensions , vimi,  a print  rates,  and  damping  cons  canes  defining  Cha 
system  ara  easily  changed  by  re punching  only  a few  cards. 

Operation  of  Program.  Initial  positions,  velocities,  and  accelerations 
of  all  the  parte  oust  be  defined  at  time  aaro  to  give  the  simulation  a point 
froa  which  to  start.  Initial  conditions  aay  be  read  from  cards  that  were  punched 
with  the  final  conditions  of  an  earllar  run,  or  they  may  be  calculated  by  the 
program,  given  the  speed  and  apparant  tension  at  which  it  Is  desired  to  run. 

To  calculate  the  Initial  conditions,  the  program  first  approximates 
the  track  path  using  the  exponential  equations  defining  the  shape  of  a continuous 
band  of  similar  stiffness  and  rotary  inartia.  The  dynamic  tension  is  estimated 
at  all  points  along  the  path  as  a function  of  path  curvature  and  speed,  and 
contact  forces  with  the  wheels  are  estimated.  The  individual  links  are  then 
positioned  with  their  pins  on  the  path,  spaced  so  that  the  "bushing"  springs 
provide  the  desired  local  track  tension  and  the  wheel  contact  pads  provide  the 
desired  contact  force.  Velocities  are  calculated  for  compatibility  between 
adjacent  links. 

The  incoming  path  shape  (Links  1 through  8)  is  calculated  as  a 
span  from  a duossy  wheel  (not  shown  on  Figure  10  ) having  the  same  diameter 
as  the  idler  and  located  horizontally  to  its  left  so  that  Link  1 is  at  mid-span. 

Initial  conditions  having  been  established,  the  simulation  begins. 
The  time  history  of  the  movement  of  each  part  is  determined  by  Integrating  its 
velocities  and  accelerations.  The  Integration  proceeds  in  finite  steps  of  time. 
At  each  step,  the  forces  acting  on  all  parts  are  calculated  as  functions  of 
their  relative  positions  and  velocities.  The  instantaneous  accelerations  of 
all  parts  are  then  calculated  as  functions  of  these  forces  and  their  masses, 
and  the  average  accelerations  over  the  coming  time  interval  are  estimated  as 
functions  of  the  instantaneous  acceleration  and  the  accelerations  calculated 
at  the  previous  two  time  steps.  Average  velocities  are  similarly  estimated 
for  the  time  interval,  and  from  them  new  positions  of  the  parts  are  calculated. 
At  35  mph,  1000  Integration  steps  per  pitch-passage  cycle  have  been  found 
appropriate. 
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Tension  Is  controlled  by  pulling  on  the  lending  link  (maker 
with  a aomitaat  foroe  end  nomat  that  are  oaleulated  by  the  initial 
eondltlcn  routine  to  giro  the  dnalred  average  apparent  tension  In  the 
straight  at  link  maker  1.  Speed  Is  oon  trolled  by  cons  training  link  auoher 
1 to  nove  hor Ison tally  with  eons tent  velocity. 

Shea  the  trade  has  moved  through  one  -pitoh  distaaoe,  a now  link  is 
latroduoed  at  the  trailing  end  and  an  extraneous  one  la  reaoved  at  the 
leading  end.  The  identifying  makers  arc' indexed  backward  so  that  they 
rnaaln  approxlantely  fixed  in  space.  * * 

Slaulatlon  is  continued  for  a suff  iciently  long  tine  to  allow 
transients  to  deoay  and  the  steady -at;*te  operation  to  be  observed.  Detailed 
data  la  then  recorded  for  the  last  ayola.  Pinal  conditions  nay  be  punched 
on  oarda,  enabling  the  run  to  be  continued  for  any  number  of  additional 
oyclas  at  any  later  date.  Pull  data  may  also  be  recorded  for  seleoted 
cycles  during  the  run,  If  desired. 

The  nuaber  of  cycles  required  for  adequate  accuracy  in  the  pare- 
aeters  of  interest  aust  be  decided  by  the  operator,  based  on  past  experi- 
ence and  study  of  the  preliminary  results  of  the  particular  run.  A few 
selected  items  of  data  are  printed  at  the  end  of  each  cycle  so  that  the 
damping  of  transients  nay  be  observed.  Since  the  running  tine  required 
depends  largely  on  the  quality  of  the  initial  condition  calculations,  care 
has  been  taken  to  make  that  part  of  the  program  soptfstioated. 

Among  the  data  recorded  at  the  and  of  each  cycle  are  the  offsets, 
relative  to  a straight-line-tangent  path  froa  wheel  to  wheel,  of  the 
oenters  of  gravity  of  links  6 and  15.  If  these  offsets  vary  froa  cyele  to 
oyole,  vlbratlng-strlng  type  transverse  vibrations  of  the  track  spans  are 
indicated.  Pigure  11  shows  the  transverse  notions  of  these  two  links  during 
two  fairly  long  runs  at  siailar  conditions.  Link  15  is  of  greatest  In- 
terest, sinoe  it  is  near  the  oenter  of  the  idler-to-road-wheel  span,  which 
Is  ooaplwtely  comprehended  by  the  nodel.  In  Run  22,  the  initial  conditions 
evidently  did  not  specify  enough  aroing  of  this  span,  and  therefore  a trass- 
versa  vibration  at  about  3.5  Hs  was  excited  at  turn-on.  In  Run  25,  the 
continuous-band  aodel  used  by  the  initial  oondition  routine  was  modified 
toward  a stiffer  band,  which  produces  more  arcing.  The  correction  was 


Cycles  fro*  Turn-On 
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evidently  too  (root,  as  a transverse  vibration  of  opposite  phono  resulted. 

In  subsequent  runs,  an  intermediate  correction  eo  tbs  initial  condition  has 
boon  made. 

Thooo  transverse  vibrations  of  sntiro  spans  aro  so  poorly  damped 
that  it  Mould  bo  lapraotioal  to  run  long  enough  for  than  to  dio  out.  So 
long  as  thoir  anplitudo  is  moderate,  however,  it  haa  boon  found  that  they 
do  not  sl4pilfleafitly  affect  tho  eyolioal  (at  pitoh  pasoago  froquonoy) 
nature  of  the  track  tension,  wheel  oontaet  forces,  and  hull  forces  that  are 
the  aain  output  of  the  program. 

Data  Froduoed.  During  the  last  cycle,  plus  any  other  cycles  where 
full  dote  are  requested,  date  are  recorded  at  100  evenly-spaced  tine 
stations  throughout  the  pitoh •passage  cycle. 

As  presently  programmed,  data  art  printed  for  every  other 
station,  and  include  epparent  tension  at  Link  1,  offsets  of  shoes  6 
end  15  from  etraifbt-liae-tengent , rectangular  position  and  velocity 
coordinates  for  all  shoes,  total  tension  in  each  link,  no reel  and  tan- 
gential components  of  aboe-to-wheel  fores  for  each  shoe,  compression  and 
sheer  deflections  of  these  oontacts,  end  location  of  each  center  of  contact 
relative  to  the  shoe  pad  center.  For  the  idler  and  road  wheel,  angular 
velocities  ere  printed,  plus  horixoctal  and  vertical  components  of  the 
total  force  transmitted  to  the  hull. 

Other  date  such  as  accelerations  or  connector  motions  can  be  made 
available  if  the  need  arises. 

Calooap  plots  may  be  made  of  selected  date  from  any  cycle 
where  full  date  is  requested.  The  present  program  produces  five  plots. 

Figure  10  was  a Cal comp  plot  Nhieh  is  a graphic  presentation  of 
the  positions  of  the  shoes  at  the  beginning  of  s cycle,  from  which  the 
shape  of  the  track  path  oan  be  viewed.  The  large  circles  represent  the 
outer  diameter.-  the  idler  and  the  road  wheel.  Figures  12a,  b,  and  c are 
similar  plots  showing  the  effect  of  bushing  torsional  stiffness. 

* Figures  13s,  b,  c,  etc.  are  superimposed  plots  of  total  tension 

history  for  one  cycle  for  selected  links.  Link  1 is  at  the  inlet,  end  Link  19 


FHOT&  12s.  TRACKDYNE  PLOT  SHOWING  EFFECT  OF  BUSHING 
TORSIONAL  STIFFNESS  ON  TRACK  PATH 
(50  MPH,  5000  LB  APPARENT  TENSION, TORSIONAL 
SPRING  RATE  NORMAL) 

(S«*  p«*«  74  for  further  discussion.) 


FIGURE  12b.  TRACKDYNE  PLOT  SHOWING  EFFECT  OF  BUSHING 
TORSIONAL  STIFFNESS  ON  TRACK  PATH 
(50  MFH,  5000  LB  APPARENT  TENSION, 

' TORSIONAL  SPRING  RATE  1/4  NORMAL) 

(See  Page  74  for  further  discuseion.) 
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la  n«ar  ch«  aacranca  of  eha  road  vfaaal.  If  steady  acata  haa  baan  achieved, 
thaaa  carves  should  ba  tha  same  for  whichever  cycle  ia  plotted.  Thaaa  curvaa 
do  not  return  to  their  initial  valuaa  at  tha  and  of  tha  cycle  becauee  tha 
point  bains  observed  haa  traveled  down  tha  track  path  by  one  pitch  length 
during  tha  cycle. 

Figurea  14  a,  b,  c,  ate.  ahov  the  track  tension  hlatory  in  a 
connector  a a it  rounda  tha  idler.  Tha  tine  scale  extends  through  seven 
cycles  to  include  tha  total  tine  during  which  adjacent  shoes  may  contact 
tha  idler.  Actually,  these  curvaa  are  produced  by  splicing  together  the 
tension  histories  of  seven  consecutive  connectors  during  a single  cycle.  The 
quality  of  the  splice  points  indicates  the  extent  to  which  steady-state 
operation  has  been  attained. 

Figures  15  a,  b,  c,  etc.  show  the  idler  contact  force  history  of 
a shoe  as  it  rounds  the  idler.  Again,  seven  cycles  are  plotted  by  splicing 
together  results  for  seven  adjacent  shoes.  Corr-r,-  .-its  of  force  normal 
and  tangential  to  the  idler  surface  are  shown,  i/ne  normal  force  is  always 
positive;  the  tangential  force  curve  def4.r»«-  a teas  above  and  below 

the  sero  force  line.  A small  amount  i t sliding  : usually  evident  just 
before  contact  and*.  The  coefficient  of  friction  between  shoe  and  idler 
was  taken  to  be  0.3. 

Figures  16  a,  b,  c,  etc.  chow  the  history  through  one  cycle  of  the 
forces  transmitted  to  the  rest  of  the  tank  through  the  idler  hub.  These 
are  periodic  curves  which  return  to  their  initial  values.  The  components 
plotted  are  oriented  to  the  incoming  strand  of  track,  so  that  they  are 
actually  4 degrees  sway  from  vertical  and  horisontal  for  the  M60  geometry. 

The  rapid  force  variation  duo  to  initial  contact  with  an  Incoming  shoe  is 
generally  apparent  in  the  vertical  fores  curve.  Tha  highly  nonslnusoldal 
nature  of  theae  curvaa  suggests  that  noise  would  be  excited  in  the  hull  over 
e wide  frequency  spectrum. 

Inersv  la lance.  At  the  end  of  the  printout,  the  program  itemises 
smergy  dissipated  la  each  bushing  during  the  cycle  vis  tors ions  1 and  via 
radial  deflection,  sad  the  energy  dissipated  in  each  shoe  contact  via  normal 
damping,  tangential  damping,  and  sliding.  By  sunning  tha  energy  Inputs  to, 
for  Ins tones,  all  23  leading  bushings  during  the  one  cycle,  the  heating  seen 
by  a single  leading  bushing  while  traversing  the  23-pitch  track  path 
nay  bn  determined,  times  mo  experimental  data  Is  available  at  present 
oa  the  actual  dsnping  properties  of  the  rubber  bushings,  tbs  program 
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FIGURE  L5c.  TRACKDYW  PLOT  OF  8H0E-T0- IDLER  FORCE  HISTORY 
(70  MPH,  1500  LB  APPARENT  TENSION) 
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FIGURE  I6b. 


TRACKDYNE  PLOT  OF  IDLER-TO-HULL  FORCE  HISTORY 
(33  MPH,  15,000  LB  APPARENT  TENSION) 
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FIGURE  I6d.  TRACKDYNE  PLOT  OF  IDLER- TO-HULL  FORCE  HISTORY 
(70  MPH,  15,000  LB  APPARENT  TENSION) 
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it  uaca libra ted  la  Chla  reeyece,  aad  tha  Mbera  being  generated  ara 
■ora  of  interest  for  tha  traada  ebay  dlaeloaa  ebaa  for  ebolr  abaoluta 
values.  Tha  df  lag  propart laa  of  eho  shoe- to  whaal  cooeacea  ara  baaad  on  a 
Halted  aaouae  of  experimental  work  ac  Battalia  that  laeludad  only  tha  ruhbar 
of  tha  ahoa. 

To  coaplata  tha  energy  balaoca,  tha  total  aaargy  dissipated  by 
daaping  ia  coaparad  with  tha  aachanlcal  energy  put  Into  drive  tha  ayataa 
and  tha  ■achanlcal  anargy  atorad  In  tha  ayataa  during  tha  cycla.  Tabla  4 
gives  rapraaantatlva  numbers  froa  a run  at  50  aph  and  5000  lb  apparant 
tana  Ion,  Uluatrating  tha  anargy  balaoca  for  tha  ayataa.  Additional  docu- 
aantation  of  tha  TIACXDTHX  prograa  la  Includad  aa  Appandlx  C. 

Results.  A nuabor  of  runa  vara  aada  with  tha  T-14k  geometry  to 
dataralna  tha  affacta  of  apaad  and  track  tana  Ion.  At  1500  lb  apparant  tana ion, 
runa  wara  aada  at  35  and  70  aph;  at  5000  lb  apparant  tension, 

runa  warn  aada  at  20,  35,  50  aad  70  aph;  and  at  15,000  lb  apparant  tanalon, 

runa  wara  aada  at  35  and  70  aph.  Thua,  tha  lowar  apaad  runa  can  ba  corralatad 
with  flald  experience  with  tha  M-60  tank,  whlla  tha  hlghar  apaad  runa  ara  indicative 

of  how  tha  M-60  would  run  at  apaada  that  have  not  yat  baan  attainable  In  tha 

flald.  Detailed  raaulta  ara  praaantad  In  Flgurea  13  through  16  for  four  runa 
which  bracket  tha  range  of  apaad  and  tanalon.  In  addition,  tha  affacta  of 
reducing  tha  toralonal  apring  rata  of  the  bushlnga  and  tha  aaaociated  daaping 
hava  baan  examined  at  50  tnph,  5000  lb  apparant  tanalon.  There  haa  not  baan 
time  to  generate  data  on  other  configure tiona  auch  as  tha  XM-1  track. 

Tha  TRACRCENT  predictions  of  centrifugal  tension  and  path  of  a con- 
tinuous band  have  been  borne  out  in  principal  by  TRACKDYNE , though  the  linked 
crack  does  show  some  additional  phenomena  above  the  transition  speed  that  were 
not  anticipated.  Track  path  is  best  seen  whan  tha  apparent  tension  is  low, 
aa  in  Flgurea  10a  and  10b,  because  the  track  span  is  stretched  more  nearly 
straight  at  higher  tensions.  Figure  10a  (35  mph)  shows  the  arched  span  from 
idler  to  road  wheel  that  is  characteristic  of  operation  below  the  transition 
speed,  where  path  shape  is  dominated  by  the  torsional  spring  rate  of  the 
bushings.  Figure  10b  (70  mph)  shows  the  standing  wave  path  shape  that  is  char- 
acteristic of  operation  above  the  transition  speed,  where  rotary  momentum  of 
the  links  dominates.  Figure  Mb  also  shows  an  unanticipated  tendency  of  the 
track  to  form  local  arches  at  the  end  of  the  spans.  This  is  especially 
evident  at  the  entrance  of  the  idler,  where  the  links  were  caused  to  approach 
along  the  straight-line- tangent  path.  These  local  arches  apparently  assist 
In  transferring  kinetic  energy  to  and  from  the  links  without  excessive  impact. 


I.  ENERGY  DISSIPATION 

Trailing  Bushings,  radial  daaping 
Trailing  bushings,  torsional  daaping 
Landing  bushings,  radial  daaping 
Landing  bushings,  torsional  daaping 

Total  hasting  of  bushings 

Whaal  contacts,  normal  daaping 
Whaal  contacts,  tangential  damping 
Wheal  contacts,  sliding 

Total  heating  of  wheel  contacts 

Total  energy  loss 

II.  ENERGY  INPUT 

Work  input  to  drive  Link  23 
Kinetic  energy  carried  into  system 
via  Link  1 

Potential  energy  carried  into  system 
via  bushings  of  Link  1 

Total  energy  in 

Work  delivered  by  Link  1 to  drive 
rest  of  track 

Kinetic  energy  carried  out  of 
system  via  Link  23 
Potential  energy  carried  out  of 
system  via  bushings  and  wheel 
contact  of  Link  23 

Total  energy  out 

Net  energy  input 

II , ENERGY  STORED  IN  LINKS  1-22  AND  WHEELS 

Kinetic  energy  at  start  of  cycle 
Kinetic  energy  at  end  of  cycle 

Kinetic  energy  stored 

Potential  energy  at  start  of  cycle 
Potential  energy  at  end  of  cycle 

Potential  energy  stored 

Energy  gain  of  system 


196  in  lb. 

103 

192 

94 

386  in  lb. 


430 

131 

3 


584 


1170  (22.2  hp) 


192,648  m lb. 

76,036 

1.446 

270,130  in  lb. 

185,996 

81,374 

1.328 

268,698 

1431  (27.2  hp) 

1,888,463  in  lb. 

1,888,685 

222  in  lb. 

29,784 

29,795 

11 

233  in  lb. 


IV.  UNACCOUNTED  ENERGY  LOST 


28  in  lb. 


74 


Overall  experience  with  TtACKDTNE  lndlcaeaa  that  TftACKCENT  exaggerate* 
»o—hat  tba  affactlva  angular  momentum  of  tha  links.  Consequently,  tha  transition 
speed  for  tha  T-142  track  is  now  thought  to  ba  10  to  15  nph  higher  than  tha 
46  aph  prod ic tad  by  TRACKCENT. 

Figures  12a,  b,  sad  c show  that  tha  affect  on  track  path  of  reducing 
tha  bushing  torsional  spring  rata  Is  essentially  as  predicted  by  TRAC KC ENT. 

Figure  12a  shows  the  track  following  an  arched  path  at  50  aph  and  5000  lb 
apparent  tension,  though  the  arch  is  not  as  pronounced  as  that  of  Figure  10a 
because  the  tension  is  higher  and  the  speed  is  closer  to  the  transition  point. 
Figure  12b  shows  the  effect  of  reducing  the  bushing  torsional  spring  rata  by 
a factor  of  four,  everything  else  remaining  unchanged.  TRACKCENT  predicts  that 
this  will  reduce  the  transition  speed  by  a factor  of  two,  and.  Indeed,  it 
can  be  seen  that  the  track  is  now  following  a standing  wave  path.  Though  the 
angular  momentum  effects  have  not  increased,  they  are  now  able  to  dominate 
because  the  stiffness  of  the  track  has  been  decreased.  Figure  12c,  where  the 
bushing  torsional  spring  rate  was  again  reduced  by  a factor  of  four,  shews 
that  the  standing  wave  amplitude  has  Increased  only  slightly,  indicating  that 
It  Is  now  limited  more  by  the  5000-lb  tension  than  by  track  stiffness. 

The  horsepower  dissipated  in  the  23-link  system  for  the  three 
runs  described  above  was  23,25,  and  33,  respectively.  Thus,  more  power  was 
lost  when  operating  above  the  transition  speed,  but  the  loss  was  not  excessive. 
Another  run  was  made  with  the  bushing  torsional  spring  rate  reduced  by  a factor 
of  four  and  the  bushing  torsional  damping  constant  also  reduced  by  a factor  of 
four.  The  power  dissipated  in  the  bushings  was  reduced  by  only  20  percent 
and  was  still  a bit  larger  than  the  dissipation  in  the  wheel  contacts.  The 
dissipation  in  the  wheel  contacts  increased  so  that  the  total  power  loss  was 
still  23  hp.  It  was  concluded  that  changing  the  torsional  damping  will  affect 
the  direct  losses  due  to  bending  the  track  around  Che  wheels  and  straightening  it 
again,  but  will  not  much  affect  the  losses  due  to  impact  and  vibration  which 
eventually  show  up  in  the  dampers.  The  system  simply  increases  its  activity 
sufficiently  to  turn  this  energy  into  heat  with  whatever  dampers  it  has. 

The  tension  excursions  due  to  chordal  action  were  not  much  affected 
by  the  changes  in  bushing  torsional  spring  rate  and  damping,  though  they  did 
appear  to  be  a little  higher  with  the  lower  spring  rate. 


KSKi^r  7-1 
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The  tmlm  curves  of  Figures  14b  and  14  d shoo  that  crock  eons  ion  is 
aubstantiolly  higher  on  ebo  idlor  Chon  In  Cho  spaas.  Thn  greeter  eoacrifncsl 
csss ion  on  chs  wheals  contributes  Co  Chls  effect,  bat  by  for  cho  grnacnr 
eoacribuclon  coasts  fro*  o mechanism  rslocod  Co  cho  sppornac  csnsion.  In 
Figure*  15  a,  b,  c,  sad  d lc  con  bo  soon  choc  cho  tangential  fores  bo  arson  cho 
shoos  sad  Cho  idlor  is.  in  oil  casts,  pooicivo  nsor  Cho  idlor  oacronco  oad 
nogodvo  nsor  cho  idler  sole.  Thot  is,  cho  Crock  Condo  co  drive  cho  idlor 
noor  cho  onCroaeo  oad  ebo  idlor  Conds  Co  drive  Cho  crock  nsor  cho  exle,  so 
Choc  Coos ion  is  locked  into  tho  ersek  ond  eoapsossion  into  the  idlor  surface. 

The  not  torque  input  to  tho  idlor  should,  of  course,  bo  soro,  bocouso  tho  bearings 
ore  assuaod  friction loss  ond  angular  acceleration  oust  overage  to  soro  over  a 
cycle  if  steady-state  operation  has  boon  achieved , 

One  con  visualise  how  tho  pad  of  tho  shoo  night  tend  to  scrub  forward 
on  tho  idlor  surface  as  cho  shoo  pivots  into  place  about  its  loading  pin.  This 
would  lock  in  a tangential  force  and  an  additional  tension,  as  observed,  and  would 
Land  to  cause  tho  idler  to  creep  forward  a bit  relative  to  the  track.  Due  to  this 
creepaga,  the  tangential  force  is  relaxed  and  then  becomes  negative  by  the  time 
tho  shoo  reaches  the  exit  area.  As  the  shoo  pivots  out  of  contact  with  the 
idler,  this  tine  pivoting  about  its  trailing  pin,  a similar  kinematic  action 
occurs,  again  in  such  s direction  as  to  push  cho  idler  forward.  This  relieves 
the  negative  taugontlal  force  and  generates  a small  positive  tangential  force, 
which  is  then  relieved  by  sliding  as  the  shoe  coams  out  of  contact  with  the 
idler.  Some  sliding  is  also  evident  at  the  entrance  point  in  all  of  these 
curve. , 

Bouncing  of  the  shoos  or  sliding  at  other  times  in  the  cycle  has  not 
been  obsarved.  Clearly,  though,  if  the  apparent  tension  were  much  below  1500 
lb,  the  normal  force  curves  of  Figures  15a  and  c would  fall  to  zero  at  a 
point  about  60  percent  of  the  way  around  the  idler. 

The  chordal  action  amplitudes  of  Figure  S wero  generally  taken  from 
tension  plots  near  the  idler  entrance.  The  random  appearance  of  the  curves 
allows  considerable  lattitude  for  differing  interpretations. 

Figures  16  a,  b,  c,  and  d show  the  components  of  force  transmitted 
to  the  hull  by  the  idler.  These  are  obtained  by  summing  all  of  the  forces 
applied  to  the  idler  by  the  Individual  track  shoes.  Since  the  suspension  is 


n 

aot  ■Pallid,  tbs  center  of  eh*  Idler  Is  assumed  flaad  and  the  mob  of  tho  Id  lor 
cootrlbuews  no  additional  fereoa.  Tba  upper  curve  are  the  saewntially  bortaontal 
conponoat  of  foreo  which  la  actually  Inclined  upward  to  the  rear  by  4 degree* 
becanee  the  coordieata  aye tec  la  oriented  to  the  Incoming  track  span.  The  lower 
curve*  are  the  eaaentlally  vertical  conponent  of  force  which  la  actually  directed 
downward  and  inclined  to  the  rear  by  4 degree*.  The  overall  shape  of  eheae 
curve*  variea  widely  with  operating  condition  and  appear*  random  becauae  of 
the  easy  contributing  effect*.  The  sore  laportant  thing  to  obaerve  la  the 
harmonic  content,  which  appear*  to  be  high,  particularly  in  the  vertical  force 
curve*.  Vibrations  within  the  hull  could  be  excited  over  a wide  range  of 
frequencies. 

The  power  required  to  drive  the  23-link  ays tern  at  varloua  apeeda  and  ten- 
aiona  la  auaasarlaed  by  Figure  17.  Since  each  data  point  repreaenta  a run 
continued  till  stability  la  reached,  the  curves  are  necessarily  drawn  with 
maager  data.  The  ahape  of  the  5000- lb  curve  la  adequately  defined  to  show  a 
ouch  greater  sensitivity  to  Increased  speed  once  the  transition  speed  la  passed. 
Since  the  simulated  system  is  roughly  one  end  of  one  track  circuit,  the  loss  for 
the  total  track  on  tha  vehicle  would  be  approximately  four  times  that  shown 
plus  the  losses  in  shoes  contacting  the  road.  The  data  point  at  70  mph  and  15,000 
lb  apparent  tension  is  academic,  because  there  would  never  be  enough  power  and 
preload  to  maintain  such  high  tension  at  that  speed.  Nonetheless,  a significant 
portion  of  the  engine  power  would  be  absorbed  at  speeds  above  50  mph. 

In  summary,  TRACKDYNE  represents  perhaps  the  most  powerful  analytical 
tool  developed  to  date  for  the  study  of  the  dynamics  of  linked  track.  Of 
particular  Interest  is  the  ability  to  determine  power  losses  in  the  track,  and 
the  fact  that  the  power  loss  increases  as  the  bushing  stiffness  decreases — a 
phenomenon  somewhat  contrary  to  intuitlou.  The  extreme  case  of  reduced  stiffness 
is,  of  course,  the  use  of  anti-friction  bearings  rather  than  rubber  bushings,  a 
solution  one  might  otherwise  have  attempted  to  reduce  power  losses. 

During  the  last  month  of  the  Track  Dynamics  Program,  effort  was 
directed  toward  the  expansion  of  TRACKDYNE  to  include  a complete  track  loop. 

The  difficult  problem  here  is  f he  sprocket-track  interaction.  However,  a 
technique  was  conceived  to  model  this  portion  of  the  track  circuit,  taking 
advantage  of  certain  equations  developed  in  the  PINSTRESS  II  program.  Imple- 
mentation of  this  technique  will  be  one  of  the  first  priorities  when  and  if 
the  Track  Dynamics  Program  resumes. 
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Stt—  and  Ififld  Distribution  In  Pins  and  Bushings.  (PINSTRESS  II) 

In  double-pin  Crack,  eha  pins  and  binocular  Cubaa  ara  unaupporead  over 
spans  that  ara  long  in  comparison  to  Choir  diameters.  Thay  ara  loadad  as 
beams  by  tracclva  forces  carrlad  through  eha  rubbar  bushings*  Tha  distribution 
of  this  load  is  not  raadlly  apparant  bacausa  tha  rasultlng  ban  daflactions  of 
tha  pin  and  tuba  tand  to  unload  tha  rubbar  noar  tha  cantor  of  tha  span  and  to 
concantrata  load  naar  tha  ands  of  tha  span.  Sines  raduceion  of  bushing 
loads  is  a uajor  objactiva  of  tha  double-pin  track  design,  tha  effectiveness  of 
die  doubla-pln  design  depends,  in  part,  on  the  ability  of  tha  pins  and  tubas 
to  distribute  load  evenly  along  the  length  of  tha  rubbar  bushing.  An  under- 
standing of  tha  load  distribution  is  also  desirable  for  an  accurate  calculation 
of  pin  and  tuba  stresses. 

A preliminary  analysis  using  a simplified  nodal  indicated  that  load 
distribution  on  eha  bushings  of  the  T-97  and  T-142  tracks  is  poor.  It  also 
indicated  that  tuba  deflections  ara  large  enough  to  have  an  inportant  influence 
on  load  distribution.  Consequently,  a more  elaborate  analysis  (PINSTRESS  II) 
was  nade  baaed  on  a more  detailed  model  of  tha  plnmd  tuba.  This  analysis  was 
used  to  predict  stresses  and  bushing  loads  for  sons  of  tha  slnplar  track  loading 
s ituatlons  where  the  posit Iona  of  tha  and  connectors  and  shoe  bodies  with 
respect  to  the  centerguldes  were  known  or  could  be  derived. 

Later  in  tha  program,  PINSTRESS  II  was  revised  to  provide  an  input 
to  tha  TRACKOB  II  computer  simulation  of  a length  of  track  subjected  to  localised 
loading.  In  effect,  PINSTRESS  II  reduces  the  pin-buahlng-tube  assembly  to  a 
"black  box"  that  applies  forces  and  moments  to  the  end  connector  and  the  shoe 
body  in  response  to  displacements  and  rotations  of  these  parts  with  respect 
to  the  centergulde.  TRACKOB  II  uses  the  characteristics  of  the  "black  boxes" 
to  perform  a simultaneous  solution  for  the  positions  of  the  end  connectors, 
centerguldes,  and  shoe  bodies  of  several  track  pitches.  PINSTRESS  II  may 
then  be  used  to  calculate  the  stress  in  any  selected  pin  as  a function  of  its 

end  connector  and  shoe  body  positions. 

A similar  modeling  of  the  track  structure  in  the  vicinity  of  the 

s procket  contact  would  be  of  value,  since  the  tooth  forces  applied  to  the 
end  connectors  evidently  cause  some  of  the  highest  stresses  seen  by  the  pins. 

An  analysis  by  hand  method  became  rather  complicated  and  was  not  completed, 

A computer  simulation  similar  to  TRACKOB,  using  PINSTRESS  as  an  input,  would 
probably  be  more  practical. 
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l.  As  shown  schematically  u Figure  IB,  the  model 
lac lade*  one  half  of  oat  pin,  with  ooooelotod  cub*  «ad  rubbor  bothlni,  Tho 


FIGURE  18.  PINS TRESS  II.  MODEL  OF  PIN,  BUSHING,  AND  TUBE. 

pins  are  treated  aa  thraa  separate  baaas  joinad  end-to-end,  the  canter  beam 
of  length  r being  alaatlcally  supported  by  the  rubber  bushing,  and  the  two 
shorter  end  baaas  being  free  of  rubber.  The  ends  of  the  pin  are  considered  to 
be  joined  to  the  centerguide  and  end  connector  at  effective  anchor  planes 
within  these  parts.  Since  the  pin  is  neither  completely  immobilised  from 
bending  at  the  point  where  its  clamped  length  begins,  nor  free  to  bend  within 
the  clamp,  the  location  of  the  effective  anchor  planes  requires  judgement. 

Planes  0.5  inches  within  the  end  connector  and  the  centerguide  were  used. 

Lack  of  rigidity  in  the  clamping  may  be  included,  in  a structural  analysis  of  the 
track,  as  an  additional  torsion  spring  between  the  connectors  and  the  anchor 
planes . 

The  tube  is  considered  to  have  a parabolic  deflection  over  the  length 
r.  The  deflection  at  its  center  in  response  to  transmitted  track  tension  F 

s 

is  estimated  as  a function  of  its  own  stiffness  and  that  of  the  binocular  side 
plates.  The  deflection  in  response  to  end  moment  and  end  force  F#  are 
then  calculated  to  provide  an  energy  conservative  system. 

In  T-142  track,  the  tube  is  further  supported  along  its  length  by 
the  shoe  body  through  a thin  layer  of  rubber,  and  in  forged  aluminum  tracks 
there  is  a continuous  supporting  web.  The  maximum  possible  effect  of  this 
support  has  been  found  by  considering  the  tube  to  be  rigid. 
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The  rubber  bushing  is  considered  to  set  ss  s linear  spring  providing 
force  per  unit  length  proportional  to  the  offset  between  pin  and  tube  center- 
lines. The  spring  rate  la  taken  to  be  the  sane  everywhere  along  the  span  r. 

Since  direct  data  on  the  T-97  and  T-142  bus hinge  is  not  available,  their 

spring  rate  was  inferred  from  that  of  the  assembled  track,  using  the  PINSTRKSS  II 

o 

analysis.  The  value  used  was  36,000  lb/in  . 

The  solution  is  outlined  in  Appendix  d.  The  state  of  the  system 
may  be  defined  by  the  four  forces  F , M , F , and  M , or  by  the  four  die- 
placements  6,  9^ , 4,  and  6 , or  by  any  combination  of  four  of  these  parameters. 
Euqations  are  given  for  finding  the  displacements  in  terms  of  the  externally 
applied  forces,  and  for  finding  the  forces  returned  to  the  track  structure  in 
response  to  externally  applied  displacements.  For  structural  analysis.  It  is 
frequently  convenient  to  define  the  system  in  tersm  of  the  track  half  tension 
F and  three  of  the  displacements. 

The  bending  moment  at  any  point  along  the  pin  end  the  radial  load 
at  any  point  along  the  bushing  may  be  found  whenever  the  state  of  the  system 
is  defined,  by  suitable  manipulation.  Though  the  analysis  has  considered 
primarily  forces  and  displacements  within  die  plana  of  the  track,  the  equations 
may  also  be  applied  in  the  transverse  plane.  Since  the  stiffening  effect  of 
the  binocular  side  plates  will  generally  be  less  in  this  plane,  the  tube 
should  be  considered  less  rigid. 

Results . If  there  are  no  nearby  disturbances  such  as  sprocket  tooth 
forces  or  localized  ground  contact,  and  if  the  end  connectors  are  completely 
rigid,  a symmetrical  state  of  track  loading  is  obtained  that  is  the  simplest 
that  may  be  considered.  The  track  tension  is  divided  one-fourth  to  each  end 
connector  and  one-half  to  the  centerguide.  Then,  by  symmetry,  6 , 0 , and  A 
are  all  zero,  and  the  state  of  the  PINSTRESS  model  can  be  defined  by  F alone. 

S 

Comparison  of  various  track  designs  under  this  symmetrical  loading  situation 
gives  a meaningful  indication  of  their  relative  merit,  even  though  the  stresses 
calculated  will  not  be  the  highest  seen  by  the  track. 

Table  5 compares  the  symmetrical-load  pin  stresses  and  bushing  loads 
for  five  different  track  designs.  The  aluminum-shoe  versions  of  the  T-142  and 
XM-1  tracks  are  assumed  to  have  no  tube  deflection.  The  "TACL  Design"  uses  a 
1.750  dia.  pin  with  a 1.400  dia.  hole  through.  The  spans  and  loads  are  those 
of  the  XM-1,  and  the  bushing  O.D.  is  scaled  up  in  proportion  to  the  pin  diameter. 
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TABLE  5.  PIN  STRESSES  AND  BUSHING  LOADS  IN  SYMMETRICALLY -LOADED  TRACK 


Pin  Bending 
Stress,  psi 


Bushing  Load 
Concentration  Factor 


Effectiveness  of 
Center  of  Bushim 


T-97  track, 

43,000  lb  load  112,000  1.64  .36 


T-142  aluminum 
Shoe  track, 

43,000  lb  load  116,000  1.42  .49 


Xti-1  track 
similar  to  T-97, 

48,600  lb  load  96,000  1.34  .59 


; ; HI-1  Aluminum 

i ; i Shoe  track, 

I . 48,600  lb  load  98,000  1.20  .71 
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Computation  of  track  tension  is  discussed  in  the  section  cn  Path 
Dynamics.  The  43,000  lb.  tension  assumed  for  the  T-97  track  corresponds  to  a 
tractive  effort  of  40,000  lb.  A higher  tension  was  assumed  for  the  XM-1  track 
because  of  the  greater  weight  of  the  vehicle  and  the  stiffer  track.  The 
bushing  load  concentration  factor  is  defined  as  the  load  per  unit,  length  at 
the  end  of  the  bushing  divided  by  the  average  load  per  u.-.it  length  over  the 
length  of  the  bushing.  The  effectiveness  of  the  center  of  the  bushing  ir 
defined  as  the  load  per  unit  length  at  the  center,  divided  by  the  load  per 
unit  length  at  the  end. 

In  the  XM-1  tracks,  the  pins  and  tubes  are  stiffer  than  those  of  the 
T-97  and  T-142,  while  the  spring  rate  of  the  rubber  bushings  remains  about  the 
same.  This,  taken  together  with  the  shorter  beam  spans,  brings  about  a marked 
improvement  in  the  load  distribution  on  the  rubber.  Bending  stresses  are  also 
reduced,  though  not  as  much  as  one  might  suppose  from  the  larger  pins  and 
shorter  spans.  This  is  because  the  shifting  of  the  rubber  load  toward  the 
center  of  the  span  tends  to  increase  the  pin  stress. 

The  computations  for  the  aluminum  sho<  designs  show  that  load  distri- 
bution on  the  rubber  can  be  significantly  improved  by  immobilizing  tube  bending, 
at  the  penalty  of  a relatively  small  increase  in  pin  stress.  The  conventional 
T-142  track,  with  its  partially  supported  tube,  would  have  stresses  and  loads 
somewhere  between  the  values  shown. 

Tube  deflections  in  the  T-97  etyle  designs  are  more  Important  than 
would  be  supposed  by  comparison  of  the  moments  of  Inertia  of  tubee  end  pine, 
beceuee  the  binocular  tide  plates  ere  not  rigid  enough  to  provide  much  support 
against  rotation  of  the  tube  ends,  while  Che  pin  ends  ere  supported  by 
the  end  connectors. 

The  clamping  ability  of  the  and  connectors  may  be  Inferred  from 

experimental  date  by  consideration  of  e slightly  more  complex  deformation 

pattern.  If  the  end  of  the  oin  is  restrained  against  rotation  bv  e eorln* 

such  chat  0 le  proportional  to  M^,  and  if  again  there  arc  no  local 

disturbances , then  the  two  pins  in  a given  end  connector  have  equal  and 

opposite  deflections,  as  do  the  two  pins  in  a given  shoe.  Therefore,  by 

symmetry,  4 and  0 are  still  zero,  and  the  state  of  the  system  may  be 
s 

defined  by  plus  the  rate  of  the  end  constraint  spring • 


i*'i  jifci--*  I.  j 
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If  the  end  constraint  spring  has  infinite  stiffness,  tha  sym- 
metrical stats  previously  considered  results,  and  the  tension  carried 
by  the  end  connector  is  F ■ .5  F . More  realistically,  the  end  connector 
will  deform  in  bending  even  though  the  clamps  may  be  rigid.  The  spring  rate 
of  the  end  connector  was  estimated  from  its  physical  dimensions  and  when 
this  rate  was  used  in  the  PINSTRESS  II  equations,  the  result  t/as  F£  ■ .490  F#. 

That  is,  a portion  of  the  tension  was  shifted  from  the  end  connector  to  the 
centerguide,  but  the  amount  shifted  was  very  small.  If,  on  the  other  hand, 
the  clamps  are  completely  loose,  the  end  constraint  spring  has  zero  rate  and 

PINSTRESS  II  yields  F - .341  F . 

e s 

Experimental  indications  are  that  in  real  track,  F0  is  substantially 
less  than  .5  Fg  and  often  closer  to  .4  Fg . Comparison  with  the  above  theoret- 
ical results  suggests  that  there  Is  significant  lack  of  rigidity  in  the  right- 
angle  constraint  between  the  pin  and  the  end  connector,  and  that  bending  of 
the  connector  body  is  negligible  in  comparison. 

More  complex  deformation  patterns  generally  require  the  simultaneous 
solution  of  several  pins  to  determine  the  positions  of  shoes  and  end  connectors. 
Solutions  have  been  obtained  for  a couple  of  configurations  where  the  track 
was  laid  out  flat,  so  that  all  deformations  were  in  one  plane.  One  of  these 
was  a calibration  configuration  where  a span  of  three  shoe  sets  and  four  connector 
sets  was  tensioned  with  the  connector  sets  at  the  ends  of  the  span  loose.  The 
other  was  a hypothetical  configuration  of  a span  of  track  extending  to 
Infinity  in  both  directions  and  subjected  to  in-plane  tooth  loads  by  evenly- 
spaced  teeth  acting  on  five  sets  of  end  connectors  At  tha  center  of  the  span. 
Solutions  have  not  been  carried  through  for  three-dimensional  configurations 
where  the  track  is  wrapped  around  a sprocket.  Here  the  pins  have  components 
of  deflection  both  within  and  normal  to  the  plane  defined  by  the  connector  set 
and  its  two  pins,  and  these  deflections  are  coupled  by  the  motions  of  the  adja- 
cent shoes . 
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Eff«cf  of  Obstacle  Negotiation  (TRACKOB  II) 

On*  of  th«  primary  objectives  of  eh*  Track  Dynamic*  Program  was  Co 
develop  analytical  techniques  that  can  b*  uaad  to  study  tha  track.  Although 
th*  final  goal  was  to  us*  th*se  techniques  to  design  track  components,  it  was 
first  necessary  to  establish  the  conditions  under  which  track  tension  will 
increase.  From  the  beginning  of  th*  program,  slow,  steady-state  negotiation 
of  an  obstacle  was  Identified  as  a probable  cause  of  a significant  increase 
in  track  tension. 

To  test  this  hypothesis,  a two-dimensional  model  was  formulated  to 
predict  track  tension  when  the  track  rests  on  an  obstacle  which  supports  the 
track  through  its  cross  section.  The  model  does  not  consider  other  tension- 
varying  phenomena  such  as  traction,  centrifugal  force,  or  other  inertia  effects. 
However,  the  Increase  in  tension  caused  by  any  other  mechanism  can  be  added  to 
the  pretension,  and  then  the  affect  of  traversing  the  obstacle  can  be  quantified 
at  that  modified  pretension. 

After  the  model  was  developed,  tests  were  conducted  at  TARADCGM, 

Warren,  Michigan,  to  measure  track  tension  when  traversing  well-defined  obstacles. 
These  teats  validated  the  model  and  provided  confidence  in  the  analytical  techni- 
que developed  for  this  study. 

After  this  validation  of  the  model  and  Implementation  of  a number  of 
raff inemenCs , several  of  the  track  parameters  were  varied  to  determine  the 
effect  of  varying  various  track  parameters  in  terms  of  the  effect  on  track 
tension. 


Description  of  Model.  Since  this  study  was  concerned  with  the  overall 
effect  on  track  tension  when  a tracked  vehicle  negotiated  an  obstacle,  the 
model  was  restricted  to  two  dimensions.  Accordingly,  the  simulation  applied 
to  obstacles  such  as  logs  or  large  rocks  which  produced  an  equally  distributed 
lifting  across  the  complete  width  of  the  track.  It  was  not,  for  example, 
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applicable  to  a dlaplacamant  input  to  tha  track  occurring  undar  a single  and 
connector.  In  this  case  (which  was  analysed  later),  the  total  track  tension 
will  be  significantly  less  than  that  resulting  from  the  symmetric  displacement 
of  the  track,  and  the  one  end  connector  near  the  obstacle  would  experience  a 
greater  load  than  its  partner  on  the  other  side  of  the  same  shoe. 

A single  track  on  tha  M60  tank  consists  of  approximately  80  shoes. 

From  a two-dimensional  viewpoint,  each  shoe  consist*  of  a block  element,  an 
end  connector/centerguide  element,  and  a bushlng/pln/blnocular  tube  element. 

These  shoes  Interact  with  road  wheels,  idlers,  and  the  sprocket  as  well  as  with 
the  ground.  Assuming  that  there  are  three  degrees  of  freedom  for  each  end  of 
an  element  (vertical,  longitudinal,  and  pitch)  leads  to  approximately  1,000 
degrees  of  freedom  that  must  be  comprehended  by  a two-dimensional  model  of  a 
single  track.  Therefore,  to  reduce  the  complexity  of  the  model,  only  16 
track  shoes  and  4 road  wheels  were  modeled  in  detail.  The  track  between  the 
center  four  road  wheels  was  chosen  became  any  Increase  in  track  tension  would  be 
greatest  when  an  obstacle  was  in  the  vicinity  of  the  center  road  wheels.  If 
an  oastacle  was  near  the  front  or  rear  road  wheels,  track  tension  would  be  less, 
especially  at  the  rear  road  wheel  where  there  is  do  compensating  idler  as  in  the 
front.  The  effect  of  the  front  and  rear  road  wheels  and  the  remainder  of 
the  track  was  Included,  as  will  be  discussed  later. 

Reducing  the  model  from  80  track  shoes  to  16  track  shoes  resulted  in 
a two-dimensional  model  with  218  degrees  of  freedom.  Since  this  ms  Ay  degrees 
of  freedom  was  still  considered  unwleldly  for  normal  analytical  approaches, 
a finite-element  technique  was  chosen  to  solve  the  problem. 

In  general,  finite-element  techniques  are  specifically  useful  for 
systems  which  contain  a large  number  of  degrees  of  freedom.  The  unique 
aspect  of  finite  element  methods  is  that  it  is  not  necessary  to  develop  any 
equations;  only  the  geometry,  element  properties,  and  loading  conditions  must 
be  defined.  The  finite-element  code,  which  can  be  simply  defined  as  a trans- 
formation between  the  loading  conditions  on  the  system  and  the  displacements 
and  Internal  forces  of  the  system,  establishes  the  equations  of  motion. 

Because  of  its  capabilities  and  flexibilities,  a newly  developed  proprietary 
finite-element  code  called  SAVF5M  (Structural  Analysis  Via  Finite-Element  Meth- 
odology) was  used  after  unsuccessful  attempts  to  model  this  system  using 
readily  available  computer  codes. 
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Modeling  the  tank  track  negotiating  an  obstacle  presented  five 
somewhat  unusual  problems.  First,  It  was  necessary  to  consider  each  road  pad 
as  an  element  that  could  react  In  compression  Nut  be  free  to  lift  off  in  tension. 
Second,  each  road  pad  had  to  withstand  a maximum  shear  force  equal  to  Its 
normal  load  times  the  coefficient  of  friction  between  the  rubber  road  pad  and 
the  ground.  When  the  longitudinal  shear  force  was  greater  than  this  maximum 
shear  force,  the  road  pads  were  allowed  to  slide  until  the  forces  were 
equilibrated.  Both  of  these  nonlinear  property  phenomena  were  available  as  a 
single  friction/lift-off  element  in  SAVFEM, 

The  third  unusual  feature  was  that  as  the  track  was  lifted  up  between 
two  road  wheels,  It  tended  to  wrap  around  the  adjacent  road  wheels.  Since  this 
event  was  just  the  opposite  of  the  road  pads  breaking  contact  with  the  ground, 
part  of  the  road  wheel  was  modeled  as  a lift-off  element  which  was  not  initially 
In  contact  with  the  track.  However,  if  the  track  did  4a place  high  enough 
vertically  to  cause  It  to  wrap  around  a road  wheel,  the  frictional  option  of 
the  element  was  not  incorporated,  i.e.,  the  track  became  elastically  attached 
to  the  road  wheel. 

The  fourth  peculiarity  was  that  it  was  necessary  to  introduce  a 
pretension  into  the  track.  This  could  not  be  done  by  simply  pulling  on  the 
ends  of  the  track  as  it  rested  on  the  ground  under  the  appropriate  wheel 
loads,  because  the  road  pads  and  the  road  wheels  would  be  subjected  to  a shear 
load.  Therefore,  to  eliminate  any  initial  shear  forces  in  the  system,  the 
first  loading  condition  assumed  a weightless  track  with  no  wheel  loads  and 
no  contact  between  the  ground  and  road  pads,  or  between  the  track  and  the 
tank  hull  through  the  road  wheel  suspension.  With  these  conditions,  an 
initial  displacement  was  applied  to  both  ends  of  the  track  to  introduce  the 
pretension. 

The  last  difficulty  in  modeling  the  track  was  that  the  track  shoes 
underwent  large  displacements  relative  to  their  dimensions.  Usually  a 
finite-element  technique  is  applied  to  small-displacement  problems  where  it 
can  be  assumed  that  the  overall  system  stiffness  is  not  a function  of  the 
system  displacements  (linearity) . But  because  the  track  displacements  were 
large,  the  system  stiffness  was  not  constant,  and  it  was  necessary  to  use  a 
nonlinear  technique.  The  particular  approach  used  in  this  study  was  to 
vertically  displace  one  small  section  of  track  a fraction  of  the  obstacle 
height  and  calculate  the  displacements  of  the  total  system.  On  the  basis  of 
these  displacements,  the  system  stiffness  was  reformulated  and  equilibrium 
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displacements  war*  again  c a leu  la  Cad.  This  procadura  waa  continuad  until  a 
praaat  arror  criterion  on  tha  aqui libra tad  forces  acting  at  aach  aaction  of 
track  waa  satisfied,  Than  tha  track  waa  dlaplacad  to  a graatar  fraction  of 
tha  obatacla  haight,  and  an  iteration  on  tha  system  atlffneaa  again  brought  tha 
track  elements  into  equilibrium.  Tha  track  waa  auccaaalvaly  dlaplacad  in  tan 
increaalngly  larger  increments  to  the  maximum  obatacla  haight.  Each  atap 
raaultad  in  a static  track  configuration  and  the  internal  forces  in  tha  track* 

Finite  Element  Coding.  In  this  analysis,  three  types  of  finite* 
elements  and  two  loading  conditions  were  uaed  to  define  the  system.  To 
modal  tha  steal  portion  of  two  blocks  par  shoe,  a linear  eleaatlc  beam  element 
waa  utilised.  In  general,  a linear  elastic  beam  can  respond  to  tension,  compres- 
sion and  bending  loads.  The  second  element  in  the  model,  also  a linear  elastic 
beam,  represented  two  end  connectors  and  a center  guide  in  parallel.  The  design 
pitches  of  the  block  and  and  connector  sections  are  4.442  and  2.5  Inches, 
respectively.  For  convenience,  pitches  were  assumed  to  be  4.5  and  2.5  inches. 
Based  on  the  practice  of  removing  one  or  sometimes  two  complete  shoes  from  the 
track  due  to  permanent  set  in  the  bushings  after  a short  break-in  period,  the 
value  of  4.5  inches  for  the  block  length  may  be  slightly  short,  but  it  was  a 
suitable  value  for  this  analysis, 

A third  set  of  linear  elastic  beams  was  used  to  model  the  rigid 
structure  of  the  tank  hull  to  which  the  six  road  wheel  suspension  systems  were 
attached.  These  beams  were  not  modeled  to  simulate  the  actual  flexibility  of 
the  hull,  but  only  to  serve  as  a rigid  member  to  which  half  of  the  tank's 
sprung  weight  was  applied  as  a load.  Hence,  their  area  and  moment  of  inertia 
values  were  assigned  arbitrarily,  such  that  their  effective  translational  and 
rotational  stiffness  were  several  orders  of  magnitude  greater  than  those  of  the 
other  elements  in  the  system. 

The  second  type  of  element  used  in  the  analysis  was  a spring  element 
which  could  undergo  only  a translational  displacement  in  a specified  direction, 
but  not  a bending  displacement.  In  addition,  this  element  could  simulate  a 
shear  force  perpendicular  to  its  axis,  and  if  that  shear  force  was  greater 
than  a coefficient  of  friction  times  the  normal  load,  the  element  would  slip 
until  the  forces  were  balanced.  Lastly,  the  spring  element  had  an  active/ 
nonactive  option  that  could  be  used  to  simulate  an  element  which  could  take 

compressive  but  not  tensile  loads. 
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The  seoond  typt  of  element  ua«d  in  the  Analysis  was  a spring 
•lament  whioh  oould  undergo  only  a translational  displacement  In  a specified 
direotionjbut  not  a bending  displacement.  In  addition,  this  element  oould 
simulate  a shear  foroe  perpendioular  to  its  axis,  and  if  that  shear  foroe 
was  greater  than  a ooeffioie.it  of  friotion  times  the  normal  load,  the 
element  would  slip  until  the  foroes  were  balanced.  Lastly,  the  spring 
element  had  an  aotlve/nonaotive  option  that  could  be  used  to  simulate  an 
element  whioh  oould  take  compressive  but  not  tensile  loads. 

The  spring  element  was  used  to  its  fullest  capability  when 
modeling  the  road  pads.  Bach  set  of  two  road  pads  on  one  shoe  was  modeled 
as  two  springs  - one  oonneoted  to  eaoh  end  of  the  beam  element  modeling  the 
blook  oross  seotlon.  The  longitudinal  separation  between  the  two  springs 
representing  the  road  pad  was  equal  to  4.5  inches  - the  same  as  the  beam 
length  representing  the  blook.  Although  the  4.5  inoh  separation  was 
slightly  greater  than  aotual  (a  worn  pai.  is  typioally  closer  to  4.0  inohes 
in  effective  length),  this  dimension  should  have  negligible  effeot  on  traok 
tension. 

Spring  el amenta  were  also  used  to  model  the  road  wheels.  It 
was  assumed  that  each  of  the  four  road  wheels  modeled  was  located 
symmetrically  over  a track  block.  Although  this  assumption  was  not 
quite  true,  it  was  a convenience  used  to  simplify  the  model  and  should  have 
a minimum  effeot  on  the  accuracy  of  the  solution.  In  addition  to  the  two 
spring  elements  which  supported  the  wheel  load,  the  cwo  center  road  wheels 
were  modeled  with  two  additional  spring  elements  each.  These  springs  became 
active  when  the  track  tended  to  wrap  around  the  road  wheel  due  to  a high 
vertioal  displacement  of  the  track  between  two  road  wheels. 

A third  use  for  the  spring  elements  was  to  simulate  the  vertical 
component  of  stiffness  in  the  torsion  bar  suspension.  These  elements  were 
initially  assumed  to  be  13  Inohes  in  length  before  compression.  When  the 
sprung  weight  of  the  tank  was  applied,  the  torsion  bar  springs  compressed  5 
to  6 Inohes,  leaving  a jounce  capability  of  7 to  8 inches,  before  hard 
stops  were  encountered.  The  hard  stops  were  also  modeled  as  springs  whioh 
did  not  become  active  until  the  total  jounce  displacement  of  the  road  wheel 
was  taken  up. 
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Although  only  16  track  shoe*  wtrt  modeled  in  the  simulation,  the 
stiffness  effect  of  fih«  remaining  shoes  was  ilwlitid  by  spring  elements  at 
aaeh  and  of  tha  track.  Tha  atlffnaaa  of  thaaa  tiro  spring  elements  was 
established  by  conaldarint  tha  total  number  of  affaotlva  pica  In  tha  track. 

Tha  nominal  number  of  track  pina  waa  160.  Tha  finite-element  taodal  Included 
32  pina,  and  8 ptna  around  tha  aprockat  ware  "locked  out".  Thla  left  120 
pina  which  contributed  to  tha  flexibility  of  tha  unmodaled  segments  of  track. 
Therefore,  tha  atiffnaaa  of  the  unmodeled  segments  of  track  waa  datarainad  by 
dividing  tha  radial  atlffnaaa  of  one  pin  buahlng/blnocular  tuba  assembly  by 
120.  To  keep  tha  aodal  symmetric,  tha  fact  that  there  are  fewer  track  ahoca 
between  tha  fifth  road  wheal  and  tha  aprockat  than  between  tha  aacond  road 
wheal  around  tha  front  idler  to  tha  aprockat  waa  ignored,  Tha  net  raault  waa 
that  twice  tha  atiffnaaa  of  tha  total  unatodalad  track  waa  apaclfiad  at  both 
anda  of  the  node lad  track. 

Lastly,  spring  elements  were  uaad  to  account  for  tha  atlffnaaa  of 
tha  toraion  bar,  road  wheal,  and  road  pada  at  tha  first  and  ."ixth  road  wheel 
location.  Tha  value  of  these  stiffntfsaea  waa  calculated  as  die  above  three 
springs  in  aariea. 

In  addition  to  beams  and  springs,  a third  element  was  utilised  in 
the  model— tha  general  elastic  element.  Tha  general  elastic  element  reflects 
a stiffness  relation  between  any  nuofcer  of  degrees  of  freedom  within  the 
structural  model.  This  element  can  be  used  to  model  components  whose  geometric 
properties  are  difficult  to  define,  but  whose  elastic-stiffness  relationship 
with  respect  to  the  structure  is  kncam  either  through  experimental  data  or 
analytical  techniques.  Because  the  general  elastic  element  is  mathematically 
very  simple,  its  use  in  the  finite  element  code  is  %ost  effective, 

Tha  general  elastic  element  was  utilised  to  model  tha  pin/bushlng/ 
binocular  tube  stiffness  In  all  threa  degrees  of  freedom  at  the  interface 
between  the  shoe  block  and  and  connector  elements.  It  was  also  used  at  each 
end  of  the  track  to  account  for  the  vertical  and  horizontal  degrees  of  freedom. 
The  radial  stiffness  of  the  piu/bushing /binocular  tube  vas  assumed  for  both  the 
longitudinal  and  vertical  pin/bushing/binocular  tube  stiffness.  The  torsion 
stiffness  of  tha  pin/bushing/binocular  tube  with  respect  to  the  shoe  blocks 
was  used  for  the  rotational  stiffness.  The  final  form  of  the  two-dimensional 
modal  (TRACKOB  II)  is  shown  in  Figures  19  and  20a,  and  the  three-dimensional 
model  (TRACKOB  III)  is  shown  in  Figure  20b. 


FIGURE  19.  TRACKOB  MODEL  USED  TO  PREDICT  TRACK  LOADS  AND  DEFLECTIONS  OVER  OBSTACLES 


b.  Three-Dimensional  Finite-Element  Model  of  Track  Shoe  (Under  Third  Road  Wheel) 

FIGURE  20.  ENLARGED  VIEW  OF  TRACKOB  MODEL  SHOWING 

DETAILED  REPRESENTATION  OF  TRACK  ELEMENTS 
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As  stated  above,  two  types  of  loading  conditions  were  applied  to 
the  traok  at  speoifio  nodes,  l.e.,  foroea,  and  dlsplaoeaents.  The  foroes 
inoluded  the  wheel  loads  (one  twelfth  of  the  sprung  weight  of  the  tank)  and 
the  weights  of  the  traok  shoes.  Six  equal  wheel  loads  were  applied  dlreotly 
above  the  road  wheels  to  the  beaa  eleaentn  representing  the  tank  hull.  The 
75  pounds  per  traok  shoes  was  distributed  over  those  elements  representing 
the  shoe  blook  (47  pounds)  end  those  representing  the  end  oonneotor/ 
oentergulde  (28  pounds). 

The  displacements  iaposed  on  the  system  were  first,  to  establish  a 
pretension  in  the  traok,  and  seoond,  to  simulate  the  traok  dlaplaoed  ver- 
tically when  resting on  an  obstaole.  Knowing  the  stiffness  of  the  modeled 
section  of  traok  (general  elastic  elements)  and  unmodeled  seotions  of  traok 
(springs),  equal  and  opposite  longitudinal  displacements  at  the  two  ends  of 
the  modeled  sections  of  trsck  were  specified  to  establish  a pretension  In 
the  traok. 

In  the  vertloal  dlreotlon,  the  displacement  was  assumed  to  ooour 
symmetrically.  When  the  obstaole  was  between  two  rosd  wheels,  its  length  was  as- 
sumed to  be  7",  and  the  centers  of  two  longitudinally  adjacent  shoe  blocks  were 
vertical^  displaced  equally.  When  the  obstacle  was  beneath  one  road  wheel, 
both  ends  of  the  shoe  block  were  vertically  displaced  equally.  Two  of  these 
four  displacements  CLn  addition  to  the  pratensloning  displacement^  were  the 
only  ones  assigned  for  a given  oase.  All  other  displacements  were  de- 
termined by  satisfying  static  equilibrium  conditions  through  iteration 
procedures  in  the  finite -element  code. 

Phvaical  Properties . Since  the  actual  structural  propartiaa  of  a tank 
track  would  vary  with  age  and  mllaaga,  it  vaa  not  poaslbla  nor  waa  it  dealrabla 
to  datarmlna  tha  axact  values  of  tha  parameters  necessary  to  conduct  this  study. 
However,  tha  results  were  applicable  to  a generic  group,  l.e.,  a double-pin 
track  on  a 50-to  50-ton  tank.  Specifically,  tha  track  properties  used  in  this 
study  represented  the  T-142  track  (replaceable  pad),  although  tha  results  could 
4so  be  applied  to  the  T-97  track  (integral  pad).  Tha  tank  properties  wars  those 
of  tha  M60,  but  XM1  and  M48  vehicles  would  exhibit  similar  results.  In  fact, 
tha  simulation  of  many  tracked  vehicles  would  yield  comparable  qualitative  results. 


The  values  of  the  parameters  used  in  the  track  model  are  given  in 
Table  6,  and  the  parametric  variations  are  listed  in  Table  7.  The  last  four 
parameters  in  Table  2 were  held  constant , not  because  they  did  not  have  a 
range  of  values,  but  because  their  variation  was  considered  to  have  a 
negligible  effect  on  track  tension. 

Two  of  the  parameters  listed  in  Table  6 were  not  well  defined.  The  first 
was  stiffness  of  the  suspension  hard  atop.  On  the  M60  the  hard  stops  for 
the  four  center  xoad  wheels  are  steel  bosses  welded  to  the  tank  hull . Their 
stiffness  was  not  known.  Since  the  road  wheel  displacement  relative  to  the 
hull  was  always  less  than  the  available  jounce  for  all  simulation  runs,  its 
value  was  academic. 

The  second  ill-defined  parameter  was  the  coefficient  of  friction 
between  the  rubber  pad  and  the  ground.  Typically,  the  coefficient  of 
friction  between  rubber  and  most  hard  dry  surfaces  exceeds  unity,  but 
that  value  was  not  applicable  in  this  study  for  the  following  reason.  In 
the  analytical  model  the  vehicle  was  assumed  to  be  stationary  in  the 
longitudinal  direction,  and  the  obstacle  was  introduced  by  displacing  the 
crack  in  the  vertical  direction.  If  this  event  did  occur,  large  shear  forces 
would  be  developed  in  the  rubber  road  pads,  and  a static  coefficient  of  friction 
near  unity  would  be  a reasonable  assumption  for  hard  dry  surfaces.  But, 
when  a tracked  vehicle  traverses  an  obstacle,  the  road  pads  which  are 
initially  off  the  ground  will  adjust  their  longitudinal  position  as  the 
track  is  laid.  On  the  other  hand,  the  road  pads  in  front  of  the  obstacle 
are  restrained  by  the  weight  of  the  vehicle  and  will  experience  some 
longitudinal  shearing  forces.  The  actual  magnitude  of  the  shearing  forces 
on  the  road  pads  during  this  operation  is  difficult  to  determine,  and  was 
not  addressed  in  this  study.  However,  it  is  known  that  the  road  pads 
"walk"  as  tht  road  wheels  move  over  them  and  this  adjusts  their  longitudinal 
position. 

In  this  study  shearing  forces  were  considered  by  assuming  that  the 
road  pads  could  generate  a longitudinal  force  as  great  as  the  coefficient 
of  friction  times  the  normal  load  on  the  pad.  A greater  force  caused  the 
road  pad  to  slip  longitudinally  until  the  shear  force  was  reduced  to  the 
maximum  frictional  force.  To  accomplish  this  phenomenon,  an  arbitrarily  low 
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TABLE  6.  NOMINAL  TRACK  MODEL  PARAMETERS 


Tank  sprung  weight 

8700  lb/road  wheel 

Road  pad/ ground  friction  coefficient 

0.25 

Track  longitudinal  stiffness 

800,000  lb/in. /pin 

( 2) 

Suspension  stiffness 

1600  Ib/in./road  wheel 

Track  rotational  stiffness** 

25,000  lb-in. /rad/pin 

(2) 

Track  pretension' 

12,000  lb 

Track  weight 

75  lb/shoe 

Road  pad  vertical  stiffness** 

23,000  lb/ in. /pad 

Road  wheel  rubber  stiffness 

15,000  lb/ in. /block 

Suspension  hard  stop  stiffness 

1,000,000  lb/in. /road  wheel 

**  Experimentally  determined  by  Battelle* 

s Columbus  Laboratories. 

TABLE  7 4 VARIATIONS  OF  NOMINAL 

TRACK  MODEL  PARAMETERS 

Tank  sprung  weight 

7830;  9750  lb/road  wheel 

Road  pad/ ground  friction  coefficient 

0.0;  0.50 

Track  longitudinal  stiffness 

600,000;  1,000,000  lb/in. /pin 

Suspension  stiffness 

1200;  2000  lb/in. /road  wheel 

Track  rotational  stiffness 

12,500;  37,500  lb-in. /rad/pin 

Track  pretension 

6000;  18,000;  24,000;  30,000; 

36,000  lb 

* Numbers  in  parentheses  refer  to  references  given  at  bottom  of  page. 

(1)  Gow,  E.  J.,  Jr.,  "Radial  Pin  Shift  Investigation",  Chrysler  Defense 
Division/USATACOM,  T142  Track  Task  Force  Report,  Task  2-7,  September  25, 
1*74. 

(2)  Wolken,  1.  P. , Input  Data  to  Chryslor’s  Mathematical  Model  of  M60  Tank. 
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value  of  0.25  was  ohosan  for  the  coefficient  of  friction.  Variations  in 
this  value  did  produoe  significant  changes  in  track  tension  as  is  discussed 
later. 

There  were  several  other  properties  whioh  had  to  be  specified  for 
the  track.  In  particular,  the  beam  that  cede led  the  shoe  blocks  and  end 
oonneotor/oenterguide  elements  was  assumed  to  be  steel  (elastic  modulus  2 
29  x 10®  psi,  Poisson's  ratio  2 0.29).  Representative  cross-sectional  areas 
and  momenta  of  inertia  were  calculated  to  provide  realistio  stiffness  to 
the  elements.  However,  beoause  the  steel  sections  of  track  possessed 
stiffnesses  that  were  several  orders  of  magnitude  greater  than  those  for 
the  rubber  sections,  an  aoourate  determination  of  their  properties  was 
unwarranted  in  this  study. 

Validation  of  Model.  Since  any  mathematical  model  is  only  as  good 
as  its  ability  to  simulate  the  system  it  Is  modeling,  tests  were  conducted 
to  establish  the  variation  in  track  tension  when  the  M60  traversed  an 
obstacle.,*  The  track  tension  was  determined  by  mounting  four  strain  gages 
on  each  of  two  pins  at  the  end  eonneotors  and  on  either  side  of  the 
centerguide.  The  strain  gages  were  mounted  to  measure  pin  shear  in  such  a 
manner  that  the  sum  of  the  four  shear  forces  was  the  total  track  tension. 

The  two  pins  with  strain  gages  were  fitted  into  a T-142  track 
shoe.  A two-shoe  assembly  was  calibrated  on  a tensile  testing  machine  and 
then  installed  in  the  T-142  track  of  an  M60A1  tank. 

The  tests  were  carried  out  indoors  on  a concrete  floor,  and  the 
obstacles  were  rectangular  blocks  of  wood,  which  were  longer  than  the  width 
of  the  traok.  The  track  was  initially  tensioned  to  about  6,000  pounds  (another  pre- 
tension load  of  approximately  12,000  lbs.,  which  is  the  nominal  M60  track  tension, 
was  also  uaed  during  the  testa,  and  the  M6GA1  was  driven  over  a 5"  wooden  block. 

The  measured  track  tension  (several  inches  from  the  obstacle)  was  recorded 
when  the  obstacle  was  under  each  road  wheel  and  between  each  road  wheel. 

The  results  are  illustrated  in  Figure  21. 

Several  conclusions  were  immediately  evident.  First,  the 
assumption  that  track  tension  would  be  greatest  near  the  center  road  wheels 
was  verified.  Of  particular  interest  was  the  decrease  in  track  tension 
below  the  pretension  value  when  the  obstacle  was  under  the  sixth  road 

*Yests  conducted  by  Battelle's  Columbus  Laboratories  at  TARADCOM,  Warren, 
Michigan. 


TTSTSTiCT' 


FIGURE  21.  SPATIAL  INFLUENCE  OF  5-INCH  OBSTACLE  ON  M60A1  TRACK  TENSION 
(Initial  track  tension* 6,000  pound?:  velocity  «d).0  ■ph) 
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wteal.  Also,  It  was  apparent  that  toara  was  a significantly  higher  track 
tension  whan  the  obstacle  was  between  road  wheels  than  when  it  was  under  a 
road  wheal.  These  tests,  along  with  the  analytical  nodal,  identified  the 
negotiation  of  obetacles  as  a major  influence  on  track  tension. 

Other  validations  were  also  carried  out.  Using. two  pretension 
values  and  three  obstacle  heights,  track  tension  was  recorded  when  the 
obstacle  was  between  road  wheels  3 and  4,  and  under  road  wheel  3.  For  the 
asm  condition,  the  finite-a lament  model  was  exercised  to  predict  track  tension 
as  a function  of  obstacle  height.  A comparison  of  the  measured  and  predicted 
track  tension  is  displayed  in  Figure  22 for  obstacle  heights  up  to  10  Inches. 

All  the  experimental  data  points  plotted  in  Figure  22  were  the  results  of  a single 
test  case,  l.e.,  the  values  were  not  statistical  averages.  At  this  time,  the 
statistical  significance  of  the  measured  data  is  not  known. 

The  three  comparisons  between  theoretical  and  experimental  results 
shown  in  Figure  22  have  established  the  finite- element  model  as  being  ac- 
curate exoept  perhaps  for  one  phenomenon.  In  the  two  oases  for  the  obstaole 
between  road  wheels  3 and  4,  the  theoretloal  prediction  indicated  a 
slightly  less  steep  Increase  in  the  traok  tension  after  the  third  and 
fourth  road  wheels  were  lifted  off  the  ground  by  the  track  (obstacle  height 
about  4 inohes).  On  the  other  hand,  the  experimental  data  suggested  a 
nearly  oonsttnt  track  tension  above  a 5-inoh  obstaole  height.  Although 
there  was  only  one  measured  datum  point  above  the  5-inch  obstacle,  similar 
results  were  obtained  for  initial  traok  tensions  of  both  6,000  and  12,000 
pounds. 

Because  of  this  significant  discrepancy  between  theory  and 
experiment,  the  original  finite- element  model  was  modified  to  include:  road 
pad/ground  frlotlon,  traok  wrap  around  the  ro ad  wheels,  the  total  sprung 
weight  of  the  hull,  and  the  first  and  sixth  road  wheels.  All  of  these 
modifications  had  some  effeot  on  the  shape  of  the  predioted  results,  but 
none  produced  the  large  change  in  traok  tension  slope  shortly  after  the 
third  and  fourth  road  wheels  were  lifted.  Therefore)  if  the  phenomenon  is 
realistic,  as  indicated  by  a small  sample  of  test  data,  the  mechanism  is 
not  understood  at  this  time. 


2 4 6 8 

Obstacle  Height,  in. 


FIGURE  22  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  RESULTS  FOR  M60 
TRACK  TENSION  WHEN  TRAVERSINC  AN  OBSTACLE 


99 


Results  of  Parametrie  Study  (Obstacle  Between  Road  Wheals).  Th« 
nominal  track  parameter  values  wars  given  in  Table  6.  Of  these  parameters, 
six  (see  Table  7)  were  considered  likely  to  have  some  effect  on  the  traok 
tension  as  the  vehiole  traversed  an  obstacle.  Accordingly,  the  six  para* 
meters  were  varied  over  a realistic  range  to  determine  their  effect  on  track 
tension . Because  the  traok  tension  increase  was  greatest  for  the  condition  of 
the  obstaole  between  the  road  wheels , that  situation  was  simulated  for  all  six 
parameter  variations.  Two  of  the  parameters  were  found  to  have  a small  effect 
on  traok  tension,  and  their  variation  was  not  considered  when  the  obstacle  was 
under  a road  wheel.  In  the  following  results,  the  values  of  all  the  track  model 
parameters  are  those  given  in  Table  6,  except  as  noted  on  the  figures. 

Effect  of  Sprung  Weight.  The  first  parameter  that  was  varied  was  the 
tank  sprung  weight.  The  M60  tank  has  a total  weight  of  approximately  55  tons. 
Subtracting  out  the  weight  of  the  road  wheels  and  the  track  in  contact  with  the 
ground  results  in  a sprung  weight  of  about  8700  lb/road  wheel.  Variation  in 
fuel,  ammunition,  and  other  equipment  could  conceivably  alter  the  weight  by  as 
much  as  5000  pounds.  Therefore,  a 10  percent  ohange  (+10,440  pounds)  was 
considered  the  most  extreme  case  possible.  Figure  23  shows  the  predicted 
increase  in  track  tension  with  obstacle  height  when  the  obstacle  was  between 
the  third  and  fourth  road  wheels . Generally , the  differences  due  to  wheel  load 
were  small  at  all  obstaole  heights. 

There  were  two  noticeable  changes  in  the  slope  of  the  curves  for  track 
tension  when  the  obstacle  was  between  road  wheels.  The  first  occurred  at 
an  obstacle  height  of  about  or?  Inch,  while  the  second  occurred  at  an  obstacle 
height  of  about  four  inches.  Both  of  these  changes  represented  a decrease  In  the 
stiffness  of  the  system.  A close  examination  of  the  finite-element  results 
revealed  that  at  obstaole  heights  of  1.1  lnoh  or  less,  not  all  of  the  road 
pads  were  in  maximum  shear  (coefficient  of  friotion  times  normal  load).  At 
greater  obstaole  heights  all  of  the  road  pads  were  under  maximum  shear 
foroe,  and  were  slipping  as  the  obstacle  height  increased. 

At  about  the  4-inch  obstacle  height,  the  system  underwent  another 
significant  ohange  when  the  two  road  wheels  adjacent  to  the  obstacle  were 
lifted  off  the  ground  by  the  track.  As  oan  be  seen  in  Figure  23,  the 
obstacle  height  at  which  this  occurred  did  not  depend  on  the  road  wheel 
load. 
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FIGURE  23.  EFFECT  OF  ROAD  WHEEL  LOAD  (TANK  SPRUNG  WEIGHT)  ON  M60  TRACK 
TENSION  WHEN  TRAVERSING  AN  OBSTACLE 


The  obstacle  was  located  between  Road  Wheels  3 and  4. 


Effect  of  Road  Pad/Oround  Friction.  Aa  explained  previously,  the 
actual  magnitude  of  friction  applicable  to  this  simulation  was  diffloult  to 
ascertain  because  of  the  natural  longitudinal  adjustment  that  the  track 
shoes  make  when  the  vehiole  traverses  an  obstacle.  Nevertheless,  Figure  24 
does  indloate  that  the  effective  friction  between  the  rubber  road  pads  and 
the  ground  was  significant  for  moderate-size  obstacles.  After  the  third  and 
fourth  road  wheel  had  lifted,  most  of  the  road  pads  were  no  longer  in  con- 
tact with  the  ground.  Above  a 4-inoh  obstacle,  friction  ;«s  less  effective 
and  as  can  be  saen  by  the  results  in  Figure  24,  the  track  tension  became 
nearly  identical  for  all  friction  values. 

The  shapes  of  the  curves  for  the  smaller  obstacle  heights  were 
radically  different.  As  already  noted  in  Figure  23,  the  change  in  slope  above  the 
1.1-inoh  obstacle  height  for  a coefficient  of  friction  equal  to  0.25  was 
due  to  all  the  road  pads  slipping  under  a maximum  shear  force.  With  no 
friction,  the  road  pads  slip  immediately,  and  the  system  exhibits,  a lower 
overall  stiffness  (slope  of  curve).  When  the  friotion  coefficient  was  0.5, 
the  road  pads  under  road  wheels  3 and  4 did  not  slip  until  a 1 .2-inch 
obstacle  height  was  reached.  All  the  road  pads  out  to  road  wheels  2 and  5 
were  slipping  at  about  1.8  inches.  Therefore,  the  change  in  slope  of  the 

0.5  friction  coefficient  curve  was  more  gradual  than  that  for  the  0.25 
friction  coefficient  curve. 

The  second  change  in  stiffness  (slope  of  curve)  at  about  a 4-inch 
obstacle  height  was  similar  for  all  three  friction  coefficients.  As 
expeoted,  a higher  friction  coefficient  caused  the  road  wheels  adjaoent  to 
the  obstaole  to  lift  off  sooner  than  they  did  for  the  lower  friction 
coefficients.  From  physical  considerations,  if  the  road  pad  does  not 
support  a shear  load,  the  extra  length  of  track  needed  to  accommodate  the 
height  of  the  obstaole  can  be  obtained  by  stretching  the  track.  However,  if 
friction  is  high,  the  *rack  cannot  stretch  as  readily  because  it  is  being  held 
by  the  shear  foroces  in  the  pads.  Nevertheless,  although  the  friction 
coefficient  had  a significant  effect  on  trade  tension  for  moderate 
obstacle  heights,  it  had  a small  effect  on  wheel  lift. 

Effeot  of  Traok  Longitudinal  Stiffness.  From  a modeling  viewpoint, 
the  tank  track  is  a sequence  of  springs  in  series.  Beoause  the  bushing/pin /binoc- 
ular tube  stiffness  was  several  orders  of  magnitude  less  than  the  stiffness  of  the 


•ad  eonaeetore,  c enter  guides , «ad  blocks,  only  tha  buahing/pln/blnocular  Cube 
stiffness  «u  varied  to  chans*  Crack  longitudinal  atlffnaaa.  Tha  nominal  value 
used  for  stiffness  was  determined  experimentally.  Tha  2S  percent  variation 
(shown  in  Pi jura  25)  could  ba  attributed  to  datarloratlon  or  heating  of  tha  rubber 
bushings  which  would  lower  tha  stiffness » or  to  eold-weather  operations  which 
would  increase  tha  stiffness.  This  par ana tar  bad  a significant  affect  which 
increased  with  increasing  obstacle  height • Tha  tendency  for  wheel  lift  wee 
to  awintaln  ground  contact  longer  with  a wore  flexible  track  because  tha  track 
stretched  wore  to  envelop  the  obstacle. 

Effect  of  Torsion  Bar  Suspension  Stiffness.  Although  the  torsion 
bar  suspension  stiffness  has  a major  role  in  the  dynaalos  of  the  tank,  It 
proved  to  have  only  a swell  effect  on  traok  tension  when  traversing  an 
obstaole,  and  then  only  after  the  road  wheels  lifted.  The  trend  of  de- 
creasing track  tension  with  decreasing  suspension  stiffness  was  expected 
beoause  for  the  sane  obstaole  height,  the  stiffer  suspension  on  road  wheels 

3 and  4 sur ported  a greater  percentage  of  the  tank's  sprung  weight.  The 
reduction  in  the  slope  of  the  curve  after  the  road  wheels  lift  off 
suggested  that  the  experimental  data  in  Figure  22  night  be  uore  closely 
approxloated  by  a less-stiff  torsion  bar  suspension.  But  the  small  re- 
duction illustrated  in  Figurs  26  also  suggested  that  it  was  not  physioally 
realistic  to  deorease  the  stiffness  sufficiently  to  have  an  appreciable 
effeot. 


Ei'feot  of  Track  Bending  Stiffness.  Like  track  longitudinal 
stiffness,  the  bending  stiffness  of  the  track  is  dependent  on  the  flexi- 
bility of  the  bushings.  But,  as  seen  in  Figure  27,  track  bending  stiffness 
had  only  a small  effect  on  track  tension  as  oompared  with  longitudinal 
stiffness  (see  Figure 25).  However,  the  effect  was  in  a worsening  direction 
in  the  sense  that  as  the  rubber  ages  it  will  become  more  flexible  (lower 
bending  stiffness),  and  the  track  tension  will  increase.  The  small  increase 
due  to  bending  stiffness  would,  however,  be  more  than  compensated  for  by 
the  reduction  resulting  from  the  decrease  in  longitudinal  stiffness. 
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FIGURE  25.  EFFECT  OF  TRACK  LONGITUDINAL  STIFFNESS  ON  M60  TRACK  TENSION 
WHEN  TRAVERSING  AN  OBSTACLE 


The  obstacle  was  located  between  Road  Wheels  3 and  4 
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FIGURE  26  EFFECT  OF  TORSION  BAR  SUSPENSION  STIFFNESS  ON  M60  TRACK 
TENSION  WHEN  TRAVERSING  AN  OBSTACLE 

The  obstacle  was  located  between  Road  Wheels  3 and  4. 
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Effect  of  Track  Pretension.  Probably  the  parameter  with  the 
greatest  variability  in  the  track  system  is  the  pretension.  Although  the 
nominal  operating  track  pretension  is  specified  at  12,000  pounds^,  the 
actual  value  put  in  by  the  crew  can  be  significantly  higher.  Also,  if  the 
tank  is  accelerating  or  under  a heavy  traction  load,  it  is  not  unreasonable 
to  expect  the  tension  to  be  as  high  as  30,000  to  40,000  pounds  on  level 
ground.  Given  these  high  effective  pretension  loads  in  the  track,  obstacle 
negotiation  can  serve  only  to  worsen  the  situation. 

The  pretension  was  varied  by  increments  of  6,000  pounds  (see 
Figure 28).  One  favorable  result  was  that  as  the  pretension  increased,  the 
obstaole  height  had  a reduced  effect  both  in  percentage  and  magnitude  of 
increased  tension.  For  example,  if  the' track  pretension  was  nominal  (12,000 
pounds),  a ',-inch  high  obstacle  doubled  the  track  tension  to  £,000  pounds. 

But  if  the  pretension  was  24,000  pounds,  a 5-inch  high  obstacle  increased 
the  tension  by  only  7,000  pounds. 

Another  expected  prediction  was  the  decrease  in  obstacle  height 
necessary  to  lift  road  wheels  3 and  4 off  the  ground  when  the  pretension 
was  increased.  In  fact,  for  high  obstacles  and  high  pretension,  road  wheels 
2 and  5 were  lifted  off  the  ground.  Also,  as  the  pretension  increased,  the 
change  in  slope  of  the  stiffness  curves  occurring  at  wheel  lift-off  merged 
with  the  change  in  slope  due  to  road  pad  slippage. 

Results  of  Parametric  Study  (Obstacles  Under  a Road  WheeD.  When 
an  oba taels  was  under  a road  wheel,  rather  than  between  two  road  wheels, 
the  increase  in  track  tension  with  obstacle  height  was  only  about  half  as 
great.  The  reason  for  the  reduced  increase  in  tension  can  be  attributed  to 
the  greater  length  of  track  between  the  obstacle  and  the  adjacent  road 
wheels  so  that  less  of  the  load  in  the  track  is  taken  out  in  the  longitudinal 
direction.  With  the  greater  length  of  track  available,  the  adjacent  road 
wheels  did  not  lose  contact  with  the  ground  until  an  obstacle  height  of 
about  7 Inches  was  reached.  Unlike  the  case  when  the  obstacle  was  between 
road  wheels,  the  stiffness  of  the  track  system  did  not  noticeably  change 
when  the  adjacent  road  wheels  were  lifted  up. 
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FIGURE  28.  EFFECT  OF  TRACK  INITIAL  TENSION  ON  M60  TRACK  TENSION  WIEN 
TRAVERSING  AN  OBSTACLE 

The  obstacle  was  located  between  Rood  Wheels  3 and  4. 
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Effect  of  Sprung  Weight.  Whan  the  road  wheal  load  was  varied  by 
+10  percent , the  change  in  traoic  tension  was  wall  (Figure  29).  A similar 
result  was  obtained  when  the  obstaele  was  between  road  wheels  (Figure  23). 

Effect  of  Road  Pad/Ground  Friction.  The  notioeable  increase  in 
trade  tension  for  larger  frietion  eoeffioients  (Figure  30 1 resembled  the 
trend  for  the  obstacle  between  road  wheels  (Figure  24 . 

t" 

Effect  of  Track  Longitudinal  Stiffness.  As  was  the  case  when  the 
obstacle  was  between  road  wheels  (Figure  25 , the  track  longitudinal 
stiffness  had  a significant  effect  on  track  tension  (Figure  31). 

Effect  of  Track  Pretension.  Finally,  track  pretension  had  a 
similar  effect  on  track  tension  when  the  obstacle  was  under  a road  wheel 
(Figure 32)  as  when  it  was  between  road  wheels  (Figure 2®.  Also,  the 
obstacle  height  at  whioh  the  two  adjacent  road  wheels  lifted  up  decreased 
with  pretension,  but  not  as  rapidly  as  when  the  obstaele  was  between  road 
wheels. 

i . ' 

Three-Dimensional  Computer  Model  of  Track  (TRAC ROB  III) 

Following  the  success  of  the  two-dimensional  finite-element 
model  In  predicting  track  tension  forces  as  the  tank  negotiates  an 
obstacle,  the  SAVFEM  computer  code  was  used  to  develop  a three-dimensional 
finite-element,  model  of  the  T-142  track.  The  reason  for  developing  a 
three-dimensional  model  was  to  provide  the  capability  for  predicting 
track  tension  and  displacement  distribution  when  the  vertical  displace- 
ments of  the  track  are  unayoma trie— for  example,  when  only  one  edge  of 
the  track  is  in  contact  with  an  obstacle.  It  is  this  type  of  encounter 
which  puts  high  stresses  on  one  end  connector  and  one  end  of  the  pin. 
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FIGURE  30,  EFFECT  OF  ROAD  PAD/CROUND  FRICTION  COEFFICIENT  ON  M60  TRACK 
TENSION  WHEN  TRAVERSING  AN  OBSTACLE 


The  obstacle  was  located  under  Road  Wheel  3. 
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FIGURE  32.  EFFECT  OF  TRACK  INITIAL  TENSION  ON  M60  TRACK  TENSION  WHEN 
TRAVERSINC  AN  OBSTACLE 


The  obstacle  was  located  under  Road  Wheel  3. 
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Th*  three-dimensional  track  nodal  was  similar  to  tha  two-dimensional 
track  modal  just  descrlbad  ■ Lika  tha  two-dimensional  modal,  tha  three— 
dlmanalonal  modal  Simula tod  16  track  shoas  which  ware  subjected  to  an  Initial 
specified  track  pretension.  Due  to  tha  three-dimensional  aspects  of  tha  nodal. 

It  was  possible  to  apply  any  percentage  of  tha  pretension  to  two  end  connectors 
and  a center guide— the  total  percentage  being  100  percent.  It  was,  therefore, 
possible  to  simulate  unsynsstrlc  tension  distribution  across  the  track. 

TVo  test  runs  were  made  with  the  three-dimensional  track  model,  one  with 
a zero  traction  coefficient  between  the  road  pad  and  ground,  and  the  other  with  a 
friction  coefficient  of  0.7.  The  obstacle  was  between  the  middle  two  road  wheels, 
and  the  track  was  raised  symmetrically  in  the  longltudlnal/vertlcal  plane  similar 
to  the  two-dimensional  model.  From  Figure  33,  the  significance  of  road  pad-to- 
ground  sliding  friction  is  apparent,  especially  at  the  lower  block  heights. 

The  results  of  two  computer  runs  are  shown  in  Figures  34  and  35, 
for  the  cases  of  (a)  obstacle  under  outside  end  connector  between  Road  Wheels  3 
and  4,  and  (b)  obstacle  under  outside  end  connector  adjacent  to  Road  Wheel  3. 

Also  plotted  on  these  figures  are  the  results  of  the  comparable  two-dimensional 
case  where  the  obstacle  extends  across  the  track  width.  The  track  parameters  used 
in  the  three-dimensional  analyses  are  those  given  In  Table  6,  except  for  the 
track  longitudinal  stiffness  which  was  taken  as  724,000  lb/ln/pln  Instead  of 
800,000  lb/ln/pln.  A comparison  between  Figures  25  and  34  shows  that  the 
three-  and  two-dimensional  models  give  the  same  results  for  total  track  tension 
when  the  obstacle  was  under  the  total  track  width  between  Road  Wheels  3 and  4., 

A similar  comparison  can  be  made  for  the  obstacle  under  the  total  track  width 
under  Road  Wheel  3. 

The  results  In  Figures  34  and  35  show  the  extent  to  which  the 
tension  load  Is  increased  on  the  outside  end  connector  and  decreased  on  the 
Inside  end  connector.  The  centerguide  load  also  increases  somewhat  under 
the  nonsymmetrlcal  loading  case.  However,  the  increase  in  total  track 
tension  is  less  than  for  the  symmetrical  obstacle  case,  as  might  be  expected. 

This  loading  condition  was  not  used  in  the  tests  conducted  on  the  M-60  tank  at 
TARADCOM's  laboratories  in  Warren,  Michigan.  Such  a test  would  be  of  Interest 
to  fully  validate  the  results  predicted  by  TRACK0B  III. 
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FIGURE  35.  TRACK  AND  COMPONENT  TENSION  OF  M60  TRACK  WITH  AN  OBSTACLE  UNDER  THE 
OUTSIDE  END  CONNECTOR  ADJACENT  TO  ROAD  WHEEL  3 
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Track  Thermal  Analyses 

Bacausa  of  the  complexity  of  the  track  shoe  assembly,  the  use  of  a 
somewhat  detailed  modal  was  considered  necessary.  A two-dimensional  model  was 
first  developed,  but  this  was  expanded  to  a three-dimensional  model  in  order  to 
evaluate  detail  changes  in  the  shoe  assembly  design. 

Two-Dimensional  Analysis  of  Shoe 
Temperatures  (SHOETEMP  II) 

The  first  thermal  model  was  a two-dimensional  model  formulated  for 
T-142  track  shoes  for  use  with  the  TRUMP*  computer  program. 

Model  Formulation.  For  the  first  model,  named  SHOETEMP  II,  the  cross- 
section  of  the  track  shoe  was  divided  into  thermally  interconnected  finite- 
volume  regions,  as  shown  in  Figure  36.  Temperatures  were  calculated  at  the 
center  of  each  volume  via  a finite-differencing  scheme  which  was  incorporated 
within  the  TRUMP  computer  code.  Since  TRUMP  was  basically  a transient  computer 
program,  the  temperature  profiles  could  be  calculated  at  various  simulated  times 
up  to  a steady-state  condition.  The  user  had  the  option  of  selecting  the  time 
increments  at  which  to  print  the  Intermediate  results.  This  option  allowed  the 
analyst  to  closely  match  the  output  to  any  validation  data  that  was  available. 

Of  course,  if  steady-state  solutions  were  of  the  only  importance,  no  inter- 
mediate outputs  were  specified. 

The  input  data  include  (1)  physical  descriptions  of  each  node  or 
finite  volume  region,  (2)  thermal  connections  between  nodes,  (3)  thermal  connec- 
tions between  the  nodes  and  the  boundary  conditions,  (4)  boundary  conditions, 

(5)  heat  input.  And  (6)  thermo physical  properties  of  each  material  in  the  model. 
The  Internal  thermal  connection  data  (between  nodes)  may  include  the  interface 
resistances  due  to  contact  between  parts,  such  as  the  contact  between  the  pad 
backing  plate  and  the  shoe  body  on  T-142  tracks.  The  boundary  conditions  may 
be  a function  of  time  or  temperature.  The  boundary  connections  can  be  convec- 
tive, radiative  and/or  of  a contact  resistance  nature.  This  variability  in 
boundary  connections  permitted  the  accurate  modeling  of  the  heat  transfer 

between  the  shoe  and  air,  and  the  shoe  and  road  .surface. 

4 


* Edwards,  A.  L.,  TRUMP:  A Computer  Program  for  Transient  and  Steady-State 
Temperature  Distributions  in  Multidimensional  Systems,  University  of 
California/Livermore,  September  1,  1972.  Prepared  for  the  U.  S.  Atomic 
Energy  Commission  under  Contract  No.  W-7405-eng-48. 


FIGURE  36.  TWO-DIMENSIONAL  MODEL  OF  A T-142  TRACK  SBOE 
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Th«  required  tharmophysicax  property  data  ware  than  assembled. 

Thaaa  data  included  density,  thermal  conductivity,  and  specific  heat.  Rubber 
properties  vara  obtained  from  the  Goodyear  Tire  and  Rubber  Company  for  their 
compound  that  la  designated  aa  SM8493.  These  data  are  shown  in  Table  8. 
Thermophysical  properties  of  steel  were  obtained  from  the  open  literature 
and  are  shown  in  Table  11. 

TABLE  8.  THERMOPHYSICAL  PROPERTIES  OF  SM  8493  RUBBER 


Temperature, 

F 

C , Btu/lb-F 

P 

116.6 

Specific  Heat,  C 

P 

.2545 

134.6 

.3226 

152.6 

.3327 

170.6 

.3484 

188.6 

.4308 

206.6 

.3808 

224.6 

.3574 

242.6 

.3676 

260. '» 

.3609 

278-6 

.3646 

296.6 

.3703 

Thermal  Conductivity 

K - 0.1089  Btu/hr-f t-F 

Density 

- 75  lb/ft3 

• 

Source:  The  Goodyear  Tire  and  Rubber  Company,  Akron, 
Ohio. 
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Contact  resistances  which  occur  at  a steel/steel  and  a rubber /steel 
b~nd  were  located.  The  contact  resistance  between  the  rubber  and  the  ground 
was  not  readily  available,  so  it  was  approximated  from  data  that  relates  to 
soft  materials  at  high  contact  pressures. 

Heat  Input.  The  hysteretlc  heat  input  to  the  rubber  components  was 
experimentally  determined  in  Battelle's  fatigue  laboratory  for  T-142  track 
components.  These  tests  were  conducted  up  to  ^loading  frequencies  of  100  Hs 
and  peak  forces  of  10,000  pounds.  The  results  'of  these  tests  are  shown  in 
Figures  37  and  38  for  the  road  wheel  path  and  road  pad,  respectively.  A linear 
regression  technique  was  applied  to  the  data  to  obtain  a least  squares  curve  fit. 

The  equations  which  resulted  from  these  analyses  are  indicated  on  the  figures. 

Note  that  the  experimental  data  indicated  that  the  per-cycle  hysteretlc  heat 
inputs  to  the  road  wheel  path  and  road  pad  were  not  a function  of  the  loading 
frequency,  but  depended  on  the  peak  force  of  each  load  application.  The  effect 
of  load  frequency  (loadings  per  second)  was  to  increase  the  total  heat  input 
per  unit  of  time  via  an  increase  in  the  number  of  load  applications.  Peak 
loads  would  be  affected  by  several  variables,  including  track  tension,  acceleration, 
terrain  roughness,  etc. 

A simple^ case  for  the  T-142  track  on  an  M-60  tank  was  first  assumed— 

that  each  road  whtK 1 on  each  side  supported  an  equal  share  of  the  tank  weight. 

* 

Since  there  are  effectively  24  points  on  the  tank  track  where  the  road  wheels 
touch  the  track  (12  sets  of  paired  road  wheels),  the  force  on  each  pad  is 
l/24th  of  the  tank  weight.  This  force  will  be  applied  six  times  to  each  pad 
every  time  the  track  makes  one  complete  revolution.  The  number  ot  load  applications 
to  each  road  pad  at  any  given  speed  (V,  mph)  is 


Number?  of  Load  Applications  • 5 6 O^Xnchma 

17,6  V 


189  V Impacts/second 


4,000  6,000  6,000  10,000  12,000  14,000 

Peak  Force,  lbs 

FIGURE  37.  HYSTERESIS  VERSUS  PEAK  FORCE  FOR  ROAD  WHEEL  PATH 
RUBBER  ON  T-142  TRACK  SHOES 


Knowing  the  tank  velocity  and  the  hyataraais  par  impact  or  load  cycle, 
an  affective  heating  rate  in  Btu/hr  could  be  calculated.  Theee  calculation# 
were  made  uaing  the  data  ehown  in  Flguraa  37  and  38  for  the  road  wheel  path 
and  road  pad  under  the  ideal  conditlona  of  each  road  wheel  equally  aupporting 
the  tank.  The  following  equations  reaultad  from  theee  cal cul at Iona , and  were 
used  to  deter,  '.ne  the  heat  input  to  the  rubber  conponenta  for  any  tank  apeed 
or  weight. 


Road  Wheel  Path 


Heat  Input  (Btu/hr)  - .189  V (1.434  x 10*2  - 33.36)  - Qp-th 

Road  Pad 

Heat  Input  (Btu/hr)  - .189  V (4.127  x 10-2  ■£?  - 73.53) 


where 

V m tank  apeed,  mph 

W - tank  weight,  lba. 

The  heat  input  calculated  with  the  above  equatlona  waa  distributed 
uniformly  throughout  the  volume  of  rubber  in  the  track  ahoe. 

For  the  preliminary  thermal  analyaea,  a 30  mph  caae  waa  uaed.  Both 
transient  and  steady  state  results  were  obtained.  The  maximum  rubber  tempera- 
ture occurred  after  nearly  4 hours  of  operation.  As  shown  in  Figure  39,  the 
interesting  observation  is  that  tha  road-pad  temperature  la  twice  as  high 
as  the  roadwhee 1-path  temperature. 

The  two-dimensional  model  waa  then  uaed  to  study  the  Importance  of 
other  parameters.  These  parameters  included  (1)  Interface  thermal  resistance 
between  the  pad  backing  plate  and  the  shoe  body,  (2)  heat  generation  distri- 
bution in  the  roadwheel  path,  (3)  rubber  thermal  conductivity,  and  (4)  heat- 
transfer  coefficient  between  the  track  shoe  and  the  air.  The  results  of 
these  parametric  analyses  are  discussed  below. 

Effects  of  Road  Pad/Shoe  Body  Interface  Thermal  Resistance.  The 
effects  of  thermal  resistance  variations  in  the  road-pad  backing  plate  to  shoe 
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PICURE  39.  ROAD  PAD  AND  ROAD  WHEFL  PATH 
TEKPERATURES  AT  30  MPH 
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body  interface  were  investigated  by  doing  20  mph  transient  simulations  of  up 
to  1 hour.  The  experimentally  obtained  heating  values  were  used  along  with 
the  following  conditions: 

e Hysteretlc  heating  was  uniformly  distributed  in  the  rubber 

2 

• Shoe-to-air  heat  transfer  coefficient  • 10  Btu/Hr-Ft  -F  • h 

2 * 

e Road  pad-to-ground  contact  conductance  • 150  Btu/Hr-Ft  -F  ■ hf 

® Rubber  thermal  conductivity  ■ .109  Btu/Hr-Ft-F 

e 50  F air  temperature 

e 60  F road  temperature 

Two  runs  were  made  wherein  the  Interface  resistance  was  varied  from 
zero  (perfect  contact)  to  infinity  (perfect  insulation).  The  roadwheel-path 
temperatures  and  road-pad  temperatures  varied  only  a few  degrees  in  these 
simulations  indicating  that  this  parameter  has  very  little  Influence  on  the 
thermal  behavior  of  the  track  shoes. 

Effects  of  Heat  Generation  Distribution  in  the  Roadwheel  Path.  The 
hysteretic  heating  data  that  were  obtained  previously  in  laboratory  tests  were 
modified  somewhat  to  account  for  tne  effects  of  the  roadwheel  rolling  over  the 
roadwheel  path.  The  laboratory  testa  were  conducted  by  pressing  a steel  ram 
into  the  roadwheel  path  and  obtaining  a load/unload  versus  displacement  loop. 
The  ram  had  a 15  iuch  radius  m- chined  on  it;  therefore.  It  did  not  come  into 
contact  with  the  full  width  of  the  roadwheel  path. 

Since  the  roadvheel  rolls  across  the  roadwheel  path  and  does  comprass 
all  of  the  rubber  in  the  path,  it  was  felt  that  the  measured  heat  input  was  too 
low.  The  measured  heating  was  modified  by  multiplying  the  data  by  the  ratio  of 
the  roadwheel  path  area  to  effective  ram  contact  area.  Thus,  the  measured  data 
were  increased  by  a factor  of  1.84. 

In  addition  tn  increasing  the  measured  heating  by  1.84,  tha  distribu- 
tion of  the  heat  within  the  pad  was  modified  to  reflect  the  varied  stiffness 
of  the  rubber  throughout  the  roadwheel  path.  Tht  result  of  this  exercise  was 
to  generate  mors  heat  in  the  center  portions  of  the  rubber  where  the  deflec- 
tions srs  small.  These  modifications  had  a pronounced  effect  on  the  roadwheel- 
path  temperature.  Before  tha  modification,  tha  temperatures  of  the  roadwheel 
path  and  road  pad  after  one  hour  at  20  mph  were  146  F and  267  F,  respectively. 
After  incorporating  the  modifications  into  the  model,  these  temperatures  vers 

% 

198  F snd  269  F,  respectively.  The  simulation  incorporating  tha  refined 
heating  distribution  was  run  until  stsady  stats  vss  reached.  The  resulting 
tempsrsturss  in  ths  csntsr  of  ths  road  vhsel  path  and  road  pad  ware  245  F and 
319  F,  respectively. 


127 


Effects  of  Variation*  in  Rubber  Thermal  Conductivity.  The  effects 
of  variations  in  rubber  theraal  conductivity  were  studied  by  varying  the  con- 
ductivity fro*  C.05  to  0.15  Btu/Hr-Ft-F.  The  theraal  conductivity  of  rubber 
is  highly  influenced  by  the  fillers  in  the  compound.  The  value  that  was  used 
is  typical,  but  certainly  not  exact.  Therefore,  the  effect  of  variations  in 
this  value  are  important  to  know.  Faraaetrlc  runs  were  aade  using  the  2-D 
nodal  and  the  revised  heating  distribution  until  steady  state  was  reached. 

The  results  of  these  analyses  are  presented  in  Table  9*  As  expected,  the 
effect  of  theraal  conductivity  was  very  pronounced.  It  is  not  unreasonable 
to  expect  the  theraal  conductivity  to  be  in  the  range  of  0.05  to  0.15  Btu/ 
Hr-Ft-F.  A variation  over  this  range  results  in  a temperature  change  by  a 
factor  of  2. 


TABLE  9.  EFFECT  OF  RUBBER  THERMAL  CONDUCTIVITY  ON  ROAD- 
PAD  AND  ROADUHEEL-FATH  TEMPERATURES 

(Taaparatur as  are  for  20  mph  steady  state) 


Thermal  Conductivity 
(Btu/Hr-Ft-F) 

Ro/»d  Pad 
(F) 

Road  Wheel  Path 
(F) 

0.05 

587 

419 

0.109 

319 

245 

0.15 

256 

204 

Effects  of  Shoe-to-Air  Heat  Transfer  Coefficients.  The  effects  of 

variations  in  the  heat  transfer  coefficient  were  studied  (again  using  the 

2-D  model  and  the  revised,  heating  distribution)  by  allowing  the  value  to  range 

2 

from  10  to  100  Btu/Hr-Ft  -F.  The  heat  transfer  coefficient  affects  the  road- 
wheel  path  temperature  aore  strongly  than  it  does  the  road-pad  temperature. 

The  results  of  these  analyses  are  presented  in  Table  10. 


! 
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TABLE  10.  EFFECTS  OF  SHOE-TO-AIR  HEAT  TRANSFER  COEFFICIENTS 
ON  RUBBER  TEMPERATURES 

(Rubber  thermal  conductivity  * 0.109  Btu/Hr-Ft-F) 


Subsequent  work  on  the  thermal  analysis  task  was  directed  toward 
development  of  a three-dimensional  thermal  model  of  the  T-142  track  show.  This 
3-D  ther-  1 model,  as  shown  in  Figure  40,  was  an  expanded  version  of  the  two- 
dimensional  model  used  previously. 

In  Its  final  form,  the  three-dimensional  model  was  composed  of  350 
finite  volume  regions  or  nodes  which  were  thermally  interconnected.  These 
nodes  were  spread  out  over  six  sections  along  the  axis  of  the  pins,  resulting 
in  an  average  of  58  nodes  per  section  where  the  temperature  could  be  calculated. 
With  this  distribution,  temperature  gradients,  and  hence  heat  flows,  could  be 
calculated  for  . ■'  three  directions. 

This  uouel  was  extremely  flexible  in  its  application  of  thermally 
modeling  a T-142  track  shoe  because  all  of  the  key  parameters  could  be  varied. 
The  two-dimensional  thermal  model  used  previously  was  not  as  accurate,  since  It 
assumed  Infinite  th,  thereby  omitting  end  effects.  Some  of  the  more 
significant  pars .era  that  could  be  varied  included : 
e Heat  loss  from  the  end  plates 
e Heat  loss  to  the  road  surface 
e Heat  loss  to  the  air 

e Axial  heat  conduction  along  the  binocular  tubes 
e Complete  spatial  distribution  of  hysteretic  heating  within 
the  rubber  components 

e Possibility  of  including  the  bushing  heat 
e Possibility  of  studying  the  heat  dissipation  effects  of  the 
pins . 
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hgt 


ha  * heat  transferred  to  or  from  the  air 

hga  * heat  transferred  to  or  from  the 
ground  surface 

hrw  * heat  transferred  to  or  from  the 
road  wheel 


FIGURE  40.  THREE-DIMENSIONAL  THERMAL  MODEL 
OF  TRACK  SHOE 
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After  the  field  teete  were  made  et  Warren  in  January  of  1978,  attenpta 
were  made  to  duplicate  the  field  resulte  with  the  nodal.  In  the  SHOETEMP  III 
nodel,  a complete  description  of  each  of  the  378  nodes  representing  the  track 
shoe  had  to  be  supplied  . This  included  not  only  thermal  properties  such  as 
heat  generation,  specific  heat,  conductivity,  etc.),  but  the  6 geometric 
descriptors  which  define  the  connection  of  each  node  to  Its  surrounding  material. 
This  problem  was  compounded  by  the  fact  that  in  start-and-stop  running  such  as 
the  field  test  which  was  simulated,  these  conditions  must  be  specified  again 
after  each  start  and  stop. 

Due  to  problems  with  simultaneous  availability  of  tank,  driver,  and 
technician.  It  had  been  possible  to  make  only  one  sustained  teat  run.  It 
was  necessary  to  stop  to  read  track  temperatures  so  that  the  shape  of  the 
heating  curve  could  be  defined,  and  following  a series  of  these  readings,  the 
sustained  run  was  made — about  30  minutes  of  continuous  running  at  roughly  25 
mph.  Since  ambient  temperatures  were  just  above  freezing,  high  temperature 
buildups  in  the  track  shoes  were  not  obtained. 

The  validation  of  the  SHOETEMP  III  model  uncovered  some  problems 

In  the  data  input,  brought  about  by  the  simulation  of  the  stop-and-go  running, 

and  also  the  variability  of  thermal  properties  of  the  two  main  materials— 

"rubber"  and  "steel".  Both  of  these  materials  exhibit  a wide  range  of  thermal 

properties,  depending  on  the  specific  rubber  compound  or  steel  alloy.  In  the 

absence  of  good  data  on  these  properties  and  the  heat  generated  by  the  T-142 

track,  some  variation  of  these  properties  had  to  be  made  to  obtain  good 

correlation  with  the  field  tests.  Even  after  these  properties  were  varied. 

It  became  obvious  that  there  was  one  major  discrepancy  between  the  predicted 

and  measured  results,  and  this  was  the  fact  that  the  model  consistently 

predicted  lower  temperatures  in  the  road  wheel  path  than  were  measured. 

In  order  to  obtain  good  validation,  It  was  necessary  to  raise  the  heat  Input 

In  the  road  wheel  path  by  a factor  of  3 over  that  originally  meaaurad  In  the 

laboratory  hysteresis  tests.  Input  data  for  the  first  8 runs  of  SHOETEMP  III 

are  shown  in  Table  11{  note  the  Increase  of  "0  from  2258.7  (measured  value)  to 

path 

6776.0  (three  times  measured  value). 


u 


TABLE  11.  INPUT  DATA  USED  IN  SHOETEMP  MODEL  TO  PREDICT 
T-142  TRACK  TEMPERATURES* 


Steel  Sub 


TABLE  12.  PREDICTED  AND  MEASURED  TEMPERATURES  IN  T-142  TRACK 


Thermocouple 

Location 


SHOETEMP  Computer  Run  Number 


IS 

148 

>2 

250 

!8 

188 

17 

98 

>8 

146 

Warren 
field 
Teat 
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Table  12  nmrliii  the  predicted  temperatures  at  tha  locar.lona  Correspond- 
ing to  tha  thermocouple  locations  in  tha  Instrumented  ahoa  us  ad  in  tha  field 
tasta.  Tha  time-histories  of  pradlctad  and  naaaurad  temperatures  for 
conputar  Run  Ho.  6 ars  shown  in  Figuras  41,  42,  and  43.  Whlla  tha  corralatlon 
is  conaldarad  to  ba  axcallant,  soma  diffarancaa  remain — tha  aaln  ona  balng  tha 
lowar  pradlctad  temperature  In  tha  ataal  at  tha  cantar  of  tha  ahoa,  and  tha 
othar  balng  tha  faatar  cooling  rata  at  tha  pln/bushlng  location. 

After  tha  conputar  program  had  baan  valldatad  to  tha  extent  lndi- 
catad  by  tun  Ho.  6,  a run  slnulatlng  continuous  running  (no  stops)  for  180 
ainutas  at  30  nph  was  nada,  using  tha  sane  paranatar  valuea.  Tha  results 
are  shown  in  Figure  44.  Perhaps  tha  most  significant  point  indicated  by 
this  figure  Is  tha  continuous  rise  of  tha  tanparatura  in  tha  cantar  of  tha 
road  wheal  path  (Thermocouple  #11)  for  tha  full  three  hours,  at  which  tins  a 
steady  state  tanparatura  of  380*  has  baan  ranched.  This  is  340*  above  tha 
assumed  ambient  temperature  of  40*;  on  a hot  summer  day,  with  an  ambient  of 
100*,  maximua  temperatures  60*  higher  could  ba  expected.  This  would  result 
in  a tanparatura  of  260*  aftar  only  30  minutes  of  continuous  running. 

Following  these  runs,  the  1-142  type  track  being  considered  for 
the  X-Kl  tank  was  simulated.  However,  because  of  tha  questionable  hysteresis 
In  tha  road  wheal  path  rubber,  tha  factor  of  3 over  tha  laboratory  test  data 
(used  for  the  M-60  runs)  was  omitted.  With  this  change,  the  "hot  spot" 
switched  from  tha  road  wheel  path  to  tha  road  pad.  However,  at  30  nph,  the 
maximum  temperature  In  tha  road  pad  (Location  #7)  of  tha  XM-1  was  172*, 
compared  to  276*  for  tha  M-60.  At  tha  30  nph  spaed  of  the  XM-1,  tha  tasq>ara- 
ture  again  approaches  tha  280*  nark. 

Based  on  these  results  and  tha  paranatar  studies  made  earlier,  tha 
single  dominant  parameter  in  the  track  thermal  system  Is  the  hysteresis  in 
tha  rubber,  since  tha  track  does  not  dissipate  heat  effectively  once  it  is 
generated.  The  SHOETEM?  Ill  model  should  be  used  to  analyse  designs  In 
which  the  hysteresis  is  reduced  by  decreasing  tha  thickness  of  the  road  pads 
and/or  road  wheal  path  rubber,  decreasing  the  bearing  pressure  of  pads  and 
road  wheel  path,  and  using  rubber  of  higher  durometer. 

A final  point  which  night  be  made  is  that  the  pins  and  binocular 
tubas  appear  to  do  an  effective  job  of  dissipating  heat  generated  in  tha  bush- 
ings, so  that  bushing  temperatures  are  lowar  than  those  in  other  locations. 
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FIGURE  42.  TEMPERATURES  AT  SELECTED  IjOCATIONS  IN  T-142  TRACK 
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FI CURE  43.  TEMPERATURES  AT  SELECTED  LOCATIONS  IN  T-142  TRACK 
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On*  of  Che  key  eleaenta  of  crack  is  the  rubber  bushing  which  occupies 
Che  volume  beCween  Che  pins  and  Che  Cubular  porCion  of  Che  shoe.  Bushings  do 
have  some  pr obi  mas , particularly  in  single-pin  Crack  where  Cheir  torsional 
displacements  are  higher.  It  was  noted  that  the  bushings  muse  deform 
grossly  when  Che  track  is  assembled..  Therefore,  it  was  decided  Co  study 
bushing  assembly  stresses  and  other  aspects  of  Che  bushings  to  determine 
ways  in  which  bushing  life  could  be  improved. 

In  a Crack  assembly.  Che  bushing  is  mounted  on  the  track  pin 
Co  provide  an  adequate  seating  in  the  tube  which  links  the  track  shoes. 

In  the  unassembled  state,  the  rubber  bushings  are  in  the  form  of  a series 
of  "donuts"  separated  by  a thin  rubber  layer.  The  manufacturer  is  re- 
quired to  site  the  donut  such  that  the  oversize  between  the  bushing  and  the 
tube  is  just  sufficient  to  cause  the  bushing  to  deform  into  the  shape  of  a 
homogeneous  cylinder. 

It  is  believed  that  this  specification  is  approximately  met  by 
the  manufacturer  by  merely  equating  the  volume  of  the  oversize  to  the  volume 
of  the  space  between  the  donuts,  assuming  that  rubber  is  incompressible  and 
that  there  is  no  deformation  in  the  rubber  at  the  end  of  the  bushing.  This 

I 

latter  assumption  is  very  approximate,  but  there  is  no  indication  of  a more 
formal  analysis  being  undertaken,  based  on  elasticity  theory,  to  prove 
that  the  specification  is  satisfied.  The  necessity  of  a more  sophisticated 
analysis  arises  due  to  the  two-dimensional,  large-deformation  behavior  of 
the  rubber  bushing  when  the  pin  bushing  assembly  is  inserted  into  the  track 
tube.  The  final  shape  in  the  initially  straight  sides  of  Che  donuts 
will  become  curved  in  the  deformed  state.  Also,  the  points  at  the  base 
of  two  adjacent  donuts  cannot  be  expected  to  coalesce  after  deformation  to 
avoid  infinite  axial  strains  in  the  rubber  membrane  layer  which  is  bonded 
to  the  pin.  Thus,  it  appears  a priori  that  the  bushing  offers  discontinuous 
support  for  ths  pin  and  also  that  high  stress  concentration  is  likely  to 
occur  in  the  bushings  due  to  defonsatirn  of  the  bushings  during  assembly. 
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The  finite  •!— ant  Mthod  of  • true  Cura  1 analysis  vu  alloyed  Co 
aailyii  tha  pln/bushlng  assembly  straaaas.  The  Installation  of  ths  bushing 
in  ths  “binocular”  tubs  was  simulated  by  applying  a radial  intsrfarsnes  to  a 
slngls  rubbsr  bushing  flnits  element  nodal.  To  confirm  that  a convergent  solu- 
tion was  obtained , both  a coarsa  and  fins  nodal  wars  aaployad  in  tha  analysis. 
Tha  coarsa  nodal  la  shown  in  Figura47.  Tha  finite  elements  representing  tha 
rubber  bushing  utilise  tha  Mooney-Rivlin  formulation  which  requires  that  two 
switerlal  par ana  tars  be  known.  Unfortunately,  the  form  of  these  parameters 
bears  little  reeenblance  to  the  reported  engineering  properties  of  rubber. 

In  order  to  define  these  parameters  in  their  proper  form,  a computer 
program  was  written  that  would  calculate  the  Mooney-Rlvlin  par asm  tars  for  a 
given  stress-strain  relationship.  Infornstlon  supplied  to  Battelle  Indicated 
that  the  bushing  material  is  similar  to  tha  U.S.  Rubber  Company's  Number  6270 
rubber,  for  which  a stress  elongation  curve  was  available.  It  can  be  seen  from 
Figure  48  that  the  Mooney-Rlvlin  parameters  estimate  the  response  of  Number  6270 
rubber  quite  well  up  to  an  elongation  of  150  percent. 

The  results  of  the  analysis  Indicated  that  while  the  Installation  of 
tba  bushing  in  tha  "binocular"  tube  does  not  produce  significant  stress  in 
the  pin,  extremely  high  strains  were  produced  in  the  rubber  bushing. 

These  strains  were  particularly  large  at  tha  corner  where  the  bushing 
and  pin  meet  (near  Node  34  in  Figure  47) . In  reality  there  is  a small 
fillet  that  could  not  be  modeled  at  this  corner  that  might  slightly 
reduce  these  deformations.  Nevertheless,  the  location  of  high  strain  in 
the  model  is  precisely  where  many  bushing  failures  occur.  Figure  49  shows 
the  displaced  geometry  of  the  finer  model  superimposed  upon  the  unloaded 
geometry  for  a radial  interference  of  0.06  inch,  which  is  55  percent  of  the 
total  applied  Interference. 

In  the  past,  these  failures  have  been  attributed  to  abrasion  of 
the  highly  deformed  rubber  bushing  by  the  pin.  This  abrasion  occurs  be- 
cause the  rubber  bushing  is  in  contact  with,  but  unbonded  to,  the  pin. 

Thle  analysis  Indicates  that  the  failure  may  actually  be  initiated  by  the 
Installation  of  the  buahlng  tube.  It  is  still  likely  that  abrasion  con- 
tributes to  the  failure  even  if  this  is  the  case. 
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FIGURE  47.  COARSE  FINITE- ELEMENT  MODEL  OF  PIN-BUSHING 
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FIGURE  48,  ANALYTICAL  MATERIAL  MODEL  FOR  #6270  RUBBER 


FIGURE  49.  DISPLACED  GEOMETRY  OF  THE  REFINED  RUBBER  BUSHING 
MODEL  SUPERIMPOSED  ON  THE  ORIGINAL  GEOMETRY  FOR 
A RADIAL  INTERFERENCE  OF  0.06  INCH 
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lushing  In««rtlon  Tests 

Th«  computer  results  indicated  the  areas  in  which  high  stresses  occur 
and  it  was  decided  to  perform  some  laboratory  insertion  tests  to  see  if  the 
results  correlated  with  the  analysis.  Therefore,  insertion  ("shooting") 
experiments  were  performed  ior  nine  T-130  bushings.  The  objectives  of  the 
experiments  were  to  determine: 


e Donut  deformation  shape  during  insertion 
e Repose  of  the  donuts  after  Insertion  and  before  and 
after  recentering 

e If  and  where  strain  damage  occurs  in  the  rubber. 

All  nine  of  the  bushings  were  measured  beforehand  to.  assure  that 
they  conformed  to  the  dimensional  requirements  of  MIL-T-11891B.  Three  of  the 
nin.  bushings  were  "shot"  into  a Lucit.®  tub.  that  is  used  to  check 
"fill"  and  repos,  of  the  donuts.  The  tube  bed  . long  lead-in  "funnel"  at  one 
end  to  ease  the  insertion  by  funnel ing  the  donuts  into  its  ID.  The  first  of 
the  three  was  shot  dry  (unlubricated)  and  even  though  the  ID  of  the  tube  was 
the  largest  allowable  by  MIL-T-11891B  (1.194-inch  diameter),  an  area  that 
appeared  to  contain  trapped  air  bubbles  was  visible  through  the  tube  on  the 
deformed  OD  of  the  Inserted  donuts.  After  extraction,  this  area  turned  out 
to  be  surface  damage  (apparently  due  to  friction)  that  was  initiated  at  the 
leading  edge  of  the  donuts  that  first  contacted  the  wall  of  the  tube  during 
insertion.  (See  Figure  50.)  Strain  damage  was  noted  also  around  the  circum- 
ference of  two  of  the  donuts  in  the  unlubricated  specimen.  This  daamge,  which 


(S  is  registered  trademark. 


143 


•fpMfti  at  the  point*  indicated  in  Figure  9,  look*  ilk*  • "split"  emu* *4  by 
fold-om  of  e)n  corners.  1b*  damage  nearly  circumscribed  thm  too 
homn,  it  wu  tho  gr«*t**t  where  thm  aurfac*  damage  due  to  friction 
gram to* t. 

Direction  of  In* art ion 


Strain 

Daamg* 


(S) 

For  the  dry  shot  in  thm  Lucite**  tube,  5400  lb  maximum  force  was 
required.  As  Indicated  in  Figure  5Q  surface  damage  resulted  in  a serious  loss 
of  material,  particularly  for  the  second  donut.  Unfortunately,  there  appeared 
to  be  no  correlation  of  damage  with  the  dimensions  of  the  donuts.  After  re- 
centering,  the  parting  lines  between  the  three  donuts  were  distinct  even 
though  the  donuts  had  been  forced  into  solid  contact  in  both  directions. 

The  parting  lines  were  not  parallel,  however.  Apparently,  nonuniform  friction 
caused  some  portions  of  the  donuts  to  drag  more  than  others. 

The  other  two  bushings  that  were  shot  into  the  Luc  ite®  tube  were  lubri- 
cated*, and  no  serious  surface  damage  or  material  loss  occurred.  However,  the 
direction  of  Insertion  can  be  verified  by  a slight  scuffing  (removal  of  gloss) 
over  a small  area  of  the  circumference  at  the  leading  edges  of  all  three  donuts 
in  the  same  regions  as  are  shown  in  Figure  50.  The  insertion  force  was  about 

2000  lb.  maximum  and  the  parting  lines  were  rather  indistinct  and  parallel. 

* The  lubricant  was  described  as  a "vegetable  oil  or  a paraff in-base 
oil  as  is  used  in  production".  Lubrication  consisted  of  hand  wiping  a 
generous  quantity  of  lubricant  on  the  donuts. 
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Six  of  the  nine  bushings  worn  tMsrtsd  into  a metal  split  collot 
that  is  used  ss  the  fixturs  for  fatlguo  tssts.  In  contrast  with  tho  larger  10 
of  tho  Lucite*  tubs  (still  within  tho  specif IcatlooX  tho  tost  collot  rspr snoots 
tho  low  oad  of  tho  acceptable  OD  prescribed  by  MIL-T-11891B  (1.147  in. 

i 

diameter).  All  bushings  shot  into  tho  t<*at  collet  wore  lubricated.  In  cose* 
tract  with,  tho  LucitcP"  tube,  the  test  iollst  had  only  a slight  chsnfer  on 
tho  insertion  end;  therefore*  a funnel  (a  block  with  a hole  that  nocks  down  bo 
tho  collot  dissMitor)  is  required  to  ease  insertion  (as  in  production  ssssnbly) 
by  "funnel ing"  tho  donuts  into  the  tube.  Tho  followlrg  cannon to  auaasrise 
tho  results  of  tho  insertions  into  the  split  collet: 

(1)  Bach  bushing  showed  varying  degrees  of  lead -edge 
daaage  due  to  insertion.  Most  damage  appeared 

to  have  been  initiated  when  the  donuts  were  forced 
through  the  conjunction  of  the  funnel  and  the  tube* 
as  evidenced  by  the  rubber  shavings  produced  there. 

(2)  Small  axial  slits  showed  up  in  most  bushings  on 
opposite  sides  of  the  donuts.  These  slits 
corresponded  to  the  split  collet's  parting  plane. 

Because  the  slits  shoved  up  nearer  and  sometimes 
"around  the  corner"  of  the  lead  edge  of  the  donuts, 
they  probably  occurred  during  insertion*  rather 

than,  during  removal  from  the  collet*  as  has  been  suggested. 

(3)  The  six  specimens  required  maximum  forces  of  3*500(  4*400* 
4*800*  4*400*  4*700  and  4*100  lbs  to  shoot  the  bushings. 

(4)  One  bushing  was  marked  at  the  trail lng-edge  corner  of 
the  third  donut.  The  mark  was  visible  after  insertion 
as  shown  in  Figure  51, 

It  appeared  that  even  for  undamaged  donuts*  the  friction/ deformation 

during  shooting  caused  leading-edge  rollback  or  foldover. 

One  of  the  bushings  that  had  remained  relatively  undamaged  following 

insertion  into  a Luciti®  tube  was  again  shot  (lubricated)  into  a Luciti®  tube, 

this  time  using  AA  USP  Castor  Oil  as  the  lubricant.  The  use  of  castor  oil 

reduced  the  bushing  insertion  force  by  a factor  of  4 (495  lb  versus  2*000  lb) 

when  compared  with  shooting  the  bushing  into  the  tube  us  ng  the  conventional 

(fC 

lubricant!  The  bushing  has  now  been  residing  in  the  Lucite^  tube  for  more 

* 
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b.  After  Assembly 


FIGURE  51.  SKETCH  ILLUS HATING  LAKE  BOSHING  DEFORMATIONS 

OCCURRING  DURING  ASSEMBLY  OF  RUBBER  BUSHED  FIN  IN  SHOE 
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than  four  varita , and  It  It  tlgalflejakt  thtt  • portion  of  tho  lubricant  raaalna 
trapped  between  tha  deformed  donuts  at  thalr  parting  lines. 

It  ean  ba  conolodad  t'lJpt  (at  laatt  for  Luclte  cubaa  where  tho 
anrfaeaa  ara  auch  smoother  than  ara  thoaa  of  a binocular  tuba)  tha  uaa  of  a 
rlacoua  lubricant  haring  good  boundary  lubrication  proportion  rapratanta 
a vary  affaetiva  way  of  raduelng  inaartlon  forces— and,  concomittant ly, 
aurfaea  daaaga— by  dramatically  lowering  tha  friction.  However , If  ona  daalraa 
a buahlng  that  doaa  not  allda  ralatlva  to  tha  tuba  vhan  torqued  during  service, 
tha  lubricant  auat  fli-d  Ita  way  out  of  tha  Interface,  or  if  It  remains,  It  nuat 
not  ba  too  affaetiva  \n  lowering  friction.  Tha  Ideal,  of  course,  would  ba 
to  aaploy  a lubricant;  which  la  vary  affective  during  ahootlng  In  precluding  sur- 
face  damage  a>>d  foldovar  of  donut  eornara  and  yet  ona  which  can  migrate  out  of 
tha  tuba,  evaporate,  or  congeal-- to  produce  a relatively  high  friction  con- 
tact between  the  deformed  donuts  of  the  bushing  and  the  ID  of  the  tube.  There 
appears  to  bit  a fine  line  between  selecting  precompression  values  that  pre- 
clude buahlng  slippage,  during  torsion  in  service  and  their  Interaction  with 
1 jbrlcatlon  during  shooting.  If  on  the  other  hand,  lubrication. is  too 
ferula tent  and/or  prec oppression  la  too  low,  the  bushing  will  slip  in  the  tube 
whan  torquad  in  service  and  probably  fall  by  wear.  The  selection  of  improved 
lubricants  for  the  shooting  operation  and  optimisation  of  the  Interaction 
between  lubrication,  prec oppress Ion  and  shooting  techniques  offer  a fertile 
area  for  research  that  adght  improve  bushing  life. 

Design  of  Bushing  Research  Machine 

Based  on  information  obtained  during  the  first  60  days  of  the  program. 

It  was  concluded  that  three  distinct  types  of  laboratory  setups  should  be 
considered  for  providing  data  for  track  dynamics  and  design  criteria  for  new 
track  concepts.  One  of  these  setups  was  a laboratory  machine  for  track 
pin-bushing  research. 

Because  of  the  significant  Investment  in  costs  and  time  required  to 
build  and  fixture  such  a machine,  the  next  step  was  to  verify  its  appropriate- 
ness and  refine  Its  design  features.  Therefore,  an  investigation  was  undertaken 
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of  past  and  current  experience  in  the  development  end  testing  of  the  track 
pins  and  bushings.  It  was  found  that  the  history  of  these  developments  as 
disclosed  by  the  literature  and  by  tradition  was  imposing  in  site  and  breadth. 

In  addition  to  the  plethora  of  well-documented  studies  in  this  area,  it 
appeared  that  there  exists  a design/testing  rationale  which  has  either  been 
largely  undocumented  or  is  difficult  to  piece  together  because  of  the  diffi- 
culty of  finding  the  literature,  or  of  deciphering  the  sequence  of  events  for 
that  which  is  "documented". 

Review  of  Previous  Bushing  Research.  To  assess  what  had  been  done  in 
the  past  on  this  subject,  the  report  literature  of  TARADCOM-supported  and 
-conducted  work  was  studied,  and  the  track  contractor  community  and  TARADCOM 
personnel  were  interviewed.  Immediately,  it  became  apparent  that  the  report 
literature— which  was  responsible  for  relating  the  development  of  (1)  the  design 
of  currently-used  bushings  and  (2)  the  design  and  hardware  for  the  currently- 
used  bushing  test  machines— was  quite  old  ( 1948  and  earlier). 

In  addition,  it  appeared  that  no  company  In  the  track  community 
is  entirely  satisfied  with  the  designs  and  capabilities  of  its  own  bushing  machines. 
Because  most  of  them  cannot  reproduce  the  data  for  the  1946-developed 
Armour  Research  Foundation  (ARF)  bushing  machine  (which  now  resides  at  TARCOM 
and  is  performing  QPL  tests) , TARADCOM  personnel  believe  only  In  the  data 
from  the  ARF  machine.  Because  of  the  current  "channel  black  crisis",  each 
of  the  track  contractors  needs  in-house  a more  reliable  bushing  test  machine, 
and  at  least  one  of  them  has  a new  machine  currently  under  construction  by 
an  outside  organization. 

The  channel  black  crisis  has  produced  even  another  perturbation 
in  bushing  machine  genesis;  because  the  ARF  machine  is  too  slow  in  producing 
data  required  to  qualify  channel-black-substitute  materials  (and  for  other 
lesser  reasons),  TARADCOM  is  also  in  the  process  of  designing  and  building 
a new  "R&D"  bushing  tester.  This  machine  is  expected  to  reproduce  the  data  of 
i'se  ARF  machine  so  that  the  baseline  fatigue  criteria  are  not  lost  and,  in 
addition,  the  machine  will  probably  be  duplicated  for  use  by  contractors  and 
by  TARADCOM  to  yield  statistically  significant  aud  valid  data  for  new  bushing 
materials  and  designs— including  shapes  and  sizes  other  than  the  T-130  designs 
to  which  the  ARF  machine  and  all  of  the  others  have  been  limited.  As  a result, 
it  became  obvious  that  bushing  test  machine  development  which  had  been  almost 
static  and  out  of  mind  for  30  years  suddenly  is  active  and  in  a state  of  flux. 

Armour  Reports.  As  indicated  above,  ARF  was  responsible  for  the 
development  of  the  current  TARCOM  QPL  bushing  tester.  Consequently,  it  was 
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important  co  ravlew  chair  report*,  even  though  th*  program  oa  which  th* 
machine  wu  used  to  Investigate  the  fatigue  life  of  rubber  donut  bushings 
was  carried  out  over  the  period  1946  to  1948.  Analysis  of  these  early 
reports  (22  of  chsa)  provided  an  important  background  on  the  buehlng  nachiot 
«s  well  as  on  the  design,  fatigue  life,  and  properties  of  the  bushings  Chen- 
selves.  Even  chough  sons  of  this  series  of  reports  could  not  be  located  at 
TAKADCOM,  (and  even  sons  existing  copies  appear  to  be  Missing  iuportaat  details 
of  the  work)  this  compendium  still  represents  the  nose  in-depth  study  of  bushing 
design  paraanesrs , and  the  test  Machine*  described  in  the  progran  represent 
the  best  Method  of  s last  la  ting  bushing  stresses  available  thus  far.  Zach  of 
the  reports  was  synopelxed,  and  a short  sunssry  of  the  entire  progran  was  devel- 
oped as  described  below. 

A bushing  test  Machine  was  constructed  that  applied  radial  and 
torsional  a trasses  to  bushings  as  follows: 


Radial  Load,  psi  (pin  araa) 
Radial  Load  Cycle,  epa 
Torsional  Strain  (Flex  Angle,  °) 

Torsional  Load  Cycle,  cpn 
Precompression  of  Bushings,  Z 


0 to  3000 
64 

+ 7-1/2  or  ♦ 15  (+  22.5  for  later 
experiments) 

255  (400  and  500  for  sons  experlnents) 
20.  27.7,  33.8,  36.6.  40,  and  50 


For  some  experiments,  bushings  were  water-cooled  by  circulating,  watar 
through  hollow  pins.  However,  Boat  experlnents  were  run  in  air  without 
cooling.  With  this  Machine  and  other  pieces  of  apparatus,  including  an 
experimental  strain  analysis  that  was  used  to  conclude  how  the  bushing 
deformed  In  the  tube,  experiments  were  rude  which  resulted  In  the  following 
conclusions : 

(1)  To  prevent  abraalon/wear  at  the  bushing  ends,  bushings 
should  at  least  completely  fill  the  sleeve, or  preferably 
axtend  only  a small  amount  beyond  it.  (See  Figure  51.) 

(2)  Fatigue  lifa  is  a linear  function  of  the  testing  (ladlal 
compressive)  load  when  referred  to  senllogerlthnic  co- 
ordinates (See  Figure  52.) 
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FIGURE  32.  FATIGUE  LIFE  CURVE  FOR  RUBBER  BUSHINGS 
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Design  calculations  can  be  based  upon  average 
vale  load  measured  la  pounds  par  square  Inch  of 
projected  area  of  the  pin 
Restraining  capo  oc  tha  coda  of  cha  bushings 
lapvova  fatigue  llfa 

All  bushings  ahould  ba  boodad  to  cha  plaa 
Failure  la  Initiated  by  abrasion  of  eho  dunuts 
against  tha  pin 

A small  dacraasa  In  flan  angle  results  In  a 
large  increase  in  fatigue  life 
Bushing  donuts  should  bo  designed  to  have 

(a)  Largo  fillets  at  tha  base*  particularly 
on  tha  outboard  end 

(b)  Badll  at  the  upper  corners 

(c)  A slight  taper  coward  tha  center  of 
tha  donut  (sea  Figure  53b). 

For  conventional  rectangular-shape  bushings  (t*  are  characteristic 
of  T-130  and  T-142  bushings  In  use  today) , tha  fatigue-life  curves  shown  In 
Figure  52  were  developed. 

Because  of  the  dranatic  Improvement  in  fatigue  life  that  results 
froa  decreasing  the  flex  angle  (eee  Figure  52  and  Conclusion  7,  above)  and 
the  conclusion  chat  failure  is  initiated  by  abrasion  of  Che  donuts  against 
the  pins  (see  Conclusion  6) , a new  buuhinf  shape  was  developed.  Experimental 
strain  measurements  on  flat  specimens  shoved  that  tha  conventional  donut 
(which  is  bonded  Co  the  pin  and  is  rectangular  in  cross-section)  deformed 
under  radial  compression  losds  typical  of  ths  precompression  loads  used 
in  bushing  assembly  la  such  a manner  that  a significant  area  of  the  unbonded 
rubber  contacts  the  pin  and  rube  against  it  when  the  torsional  stress  is 
applied*  as  shown  in  Figure  53e  . Even  s greater  area  of  rubber  contacts  tha 
pin  as  the  radial  compression  loads  found  in  service  are  superimposed  on 
the  precompression  load.  Therefore*  the  same  kind  of  experimental  strain 
measurements  were  made  for  shapes  contoured  to  provide  strain  relief  so 
that  during  deformation  no  unbonded  rubber  would  contact  the  pin.  One  of 
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the  best  of  the  now  bushing  shops*  rooulting  fron  tboso  studios  j~»  shown 
in  Figurs  53s  . Flgurs  53s  rsprssonts  strain  define t ion  pottsrn  of  tho 
conventional  roctsngulor  bushing,  whils  Shops  X-4  in  Figurs  53b  illustrates 
tho  strain  pat  tom  developed  with  the  contour  od  bushing  shops.  Rots  ths 
dlffsrsncs  bstwssn  arsas  of  contact  of  unbonded  rubber  with  tho  pin,  as 
wall  as  tho  diffsroncas  botwaoa  ths  bond  shear  angles  of  ths  area  of  rubber 
beaded  to  tbs  pin.  It  was  concluded,  of  course,  that  ths  datamation 
pottsrn  of  Shops  X-4  would  preclude  contact  of  unbonded  rubber  with  tho  pin 
so  wall  a*  help  preserve  the  integrity  of  ths  bond  of  rubber  to  tho  pin 
by  preserving  a low  shear  angla  at  ths  bond. 

This  new  bushing  shape,  which  is  also  described  in  Conclusion  8, 
above,  was  developed  at  the  end  of  the  ASF  prograa.  As  a consequence,  it 
was  never  tested  in  that  prograa,  even  though  a sold  was  asda  and  sons 
bushings  ware  ordered  frqa  a rubber  castpany . Moreover,  TAIADCOM  personnel 
have  recently  concurred  that  the  experlaaatal  shapes  ware  probably  never 
tented  by  anyone.  This  kind  of  bushing  design  work  should  bo  reamed  and 
it  should  hoc  cnee  part  of  any  fatigue  studies  that  sight  be  done  with  the 
new  bushing  tester. 

1963  Studies  bv  Rose.  The  1963  work  of  Carol  lose  at  TARA  DC  CM  which 
dealt  with  fatigue  life  of  rectangular  donut  bushings  was  also  studied, 
lose  used  the  seam  bushing  test  nschino  (the  current  TASCOM  QPL  anchlne) 
thst  was  used  in  the  A1F  work,  but  ha  added  sane  statistical  credence  to 
ease  of  the  findings  of  the  ARF  studies.  In  addition,  he  defined  the 
Magnitude  of  the  Interaction  between  the  stresses — radial-coaprasaive  and 
torsional — as  well  as  the  cyclic-rate  effects  on  the  conventional  rectangular 
(T-130  type)  donut  bushing.  A snmary  of  loss's  data  appears  in  Table  13, 

As  shown  by  the  data,  loss's  conclusions  were  that: 

(1)  Coapresslve  load  and  torsional  flex  angle  each  have 
a nejor  effect  of  fatigue  life 

(2)  Cyclic  rate  has  a relatively  snail  effect  (even  though 
fatigue  life  increased  uore  than  50  percent  (fron  403.2 
x 103  cycles  to  611.8  x 103  cycles)  when  cyclic  rate 
was  decreased  fron  255  to  85  cpn  at  loads  of  1,500  pel 
and  flex  angles  of  + 15  degrees). 
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TABU  13.  SQUAB?  OF  BOSHING  FATIGUE-LIFE  DATA  FROM  BOSE'S  REPORT ^ 


Compressive 
Load,  pel 

Torsional  Flex 
Angle,  + degress 

Cyclic  Rate, 

Fatigue  Life, 
torsional  cycles  X10“3 

730 

15 

235 

3,000 

2,250 

13 

255 

76 

1,300 

7.5 

255 

> 3,000 

1,300 

22.5 

255 

44.5 

1,300 

15 

255 

403 

1,500 

15 

85 

612 

(*)  Ross,  C.  D. , "Laboratory  Investigation  on  Fatigue  Life  of  Rubber-Bushing 
Track  Pin  Assemblies",  Report  Mo.  7908,  Ordnance  Tank  Automotive  Command, 
Detroit  Arsenal,  July  16,  1963. 


Ross's  work  represents  a well-planned  and  executed  study  that 
scientifically  sorted  out  and  statistically  confirmed  the  ARF  work.  In 
addition,  it  was  useful  in  establishing  a basis  for  a number  of  types  of 
studies  that  might  facilitate  reaching  the  objectives  of  Improved  bushings 
for  track  pins.  Among  these  are  Included: 

e A finding  that  a simple  torque  measurement  on  the 
track-pin  specimen  assembled  for  bushing  testing 
correlated  well  with  fatigue  life.  Such  a finding* 
should  be  studied  in  more  detail  in  all  bushing 
tests  conducted  by  TARCOM,  the  trsck  community  of 
contractors,  and  in  any  work  dealing  with  bushing 
tests  that  might  become  active*  In  addition,  field 
tests  on  track  ought  to  include  taking  torque  date 
during  assembly  of  the  trsck  to  be  tested.  If  the 
correlation  holds,  a simple  torque  measurement  might  be 
able  to  predict  fatigue  life  of  a bashing  assembly. 
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• Wear  data  showed  that  greater  than  50  percent  of 
bushing  wear  takes  place  during  the  last  10  percent 
of  the  fatigue  life.  This  suggests  that  a fatigue- 
life  criterion  could  be  sat  up  on  the  basis  of  wear. 
During  experimental  programs  where  bushing  testing 
is  being  carried  out.  wear  debris  should  be  collected. 
If  the  wear  rate  could  be  determined  early  during  the 
process,  one  would  have  a failure-prediction  criterion 
that  could  be  used  to  predict  the  fatigue  life  of 
bushings  being  tested  in  laboratory  bushing  machines, 
as  well  as  the  possibility  of  generating  a retire- 
ment /replacement  criterion  for  field  use  (provided 
one  could  correlate  wear  In  the  bushing  machine  with 
wear  in  the  field). 

e The  data  were  taken  under  conditions  that  ware  pur- 
posely accelerated  in  the  area  of  torsional  stress 
(high  flex  angles)  to  produce  fatigue  failure  in  a 
reasonable  amount  of  time,  and  yet  certain  of  the 
stress  levels  were  selected  to  be  consistent  with 
what  is  now  a comparatively  slow  moving  lightweight 
tank*.  It  is  recognised  that  flex  angles  in  a track 
operating  over  all  but  extremely  large  protuberances 
are  in  the  order  of  only  +7  to  + 9 degrees.  The 
data  show  an  extreme  sensitivity  to  flex  angle,  con- 
firming that  finding  in  the  AX7  work  that  decreasing 
the  flex  angle  from  + 15  degrees  to  + 7-1/2  degrees 
results  in  about  a 1000  percent  Improvement  in 
fatigue  life.  A bushing  R&D  machine  that  Is  expected 
to  recognise  the  promise  of  bushing  materials  and 
designs  formulated  to  withstand  the  higher  compressive 

* H-47  tank  track  parameters  were  used  to  specify  test  conditions: 
At  10  mph  (level  ground)  150  psl  load,  7-1/2°  at  85  cpm 

At  20  mph  (level  ground)  150  psl  load,  7-1/2°  at  170  cpm 

At  30  mph  (level  ground)  150  psi  load,  7-1/2°  at  255  cpm 

At  any  speed  (maximum  grade)  ■ 1,500  psi  load. 
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loads  and  tha  higher  cyclic  rataa  of  today's  haavlsr 
sad  faster  tanks  should  have  a sort  refined  capability 
to  impose  more  realistic  torsional  stresses.  For  this 
reason*  it  would  be  appropriate  that  the  bushing  test- 
ers being  currently  designed  for  assessing  the  afrits 
of  new  bushing  aster ials  and  designs,  be  capable  of 
varying  the  flex  angle  from  7 degrees  to  angles  repre- 
sentative of  running  over  protuberances  and  back 
bending — but,  in  the  order  and  magnitude  of  the  way 
the  torsional  stress  is  incurred  in  service.  This 
suggests  a prograanable,  hydraulically  actuated  torsional 
input  that  would  reproduce  the  flex  angles  for  various 
types  of  terrains  in  the  magnitude,  the  order  and  the 
time  frame  in  which  they  are  incurred.  Data  could  be 
taken  from  a real  operating  track,  and  taped  inputs 
could  be  made  to  the  bushing  machine.  Thus,  a rubber 
or  bushing  design  formulated  to  withstand  high  loads 
and  high  cyclic  rates  would  not  be  discriminated 
against,  declared  a failure,  and  lost  in  a bushing  test. 

This  review  led  to  the  final  conclusion  that  there  is  a need  by  the 
Army  for  an  RAD  bushing  machine  that  has  capabilities  that  raside  in  no  other 
existing  or  planned  bushing  machine  (except  possibly  a machine  being  built  by 
one  of  the  track  prime  contractors).  Bushing  problems  existing  currently  in 
single-pin  track,  problems  anticipated  in  bushings  for  the  XM-1  track  and  the 
need  for  new  bushing  material* /designs  as  s result  of  the  world  shortage  of 
EP  channel  black  — ell  represent  incentives  for  this  course  of  action.  Accord- 
ingly, e bushing  tester  design  effort  was  initiated,  leading  to  e final  design 
of  a laboratory  machine  for  pin-bushing  research.  This  dasign  phase  is  discussed 
below. 
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Ptalled  Machine  Dealtn.  The  go«l  of  the  design  offort  on  the  treck- 
pin  booking  laboratory  raaaareh  machine  vaa  to  develop  a boohlag  fatigue-testing 
apparatus  that  la  wall  inatrw— tod,  ablo  to  taat  a variety  of  boohlag  aiaoa, 
aad  abla  to  adwlnlatar  any  roallatle  load -deflection  taat  eye la.  Ingota  to  the 
taat  aaehlaa  could  range  frow  tapaa  of  recorded  field  data  to  etaadard  teat 
eye  lea  such  aa  the  TAKOOM  QPL  bushing  teat  cycle.  Output  will  be  not  only  the 
number  of  eyelaa  sustained  before  failure,  but  alao  a short  atrip-chart  plot 
that  recorda  hew  any  or  all  e £ the  Instrumented  variables  (radial  deflection, 
radial  load „ angular  deflection,  applied  torque,  tanparature)  change  throughout 
Che  life  of  the  teat,  or  during  any  period  of  Interest. 

The  performance  criteria  to  which  this  uachlne  was  designed  were 
deteralned  by  considering  the  variety  of  capabilities  that  would  be  Important 
in  a research  tool  for  track-pin  bushing  design.  The  machine  design  criteria 
considered  the  loads  and  deflections  that  would  be  Imposed  on  a bushing  in  a 

5 

T-97  track  operating  over  the  M-60  geometry  at  a tank  speed  equivalent  to 
50  mph, and  these  conditions  were  used  to  define  angular  velocities,  frequencies, 
and  loading  criteria.  Study  of  previous  bushing  teats  and  projections  of  the 
requirements  of  possible  new  bushing  dssigns  provided  additional  Input  to 
the  performance  specifications.  It  was  determined  that  the  machine  should: 
o Accommodate  any  bushing  pin  sise  up  to  2 Inches  in  pin 
dlamstsr  (sissd  to  accoumodsts  projscted  experimental 
bushing  and  pin  designs).  Axial  dimensions  of  ths  bushing 
specimens  between  3 and  4 Inches  can  be  handled, 
o Impose  controlled  angular  deflections  of  the  bushing  un  to 
+ 22-1/2*  at  maximum  rates  of  72  rad/ssc.  (This  rate 
corresponds  to  ths  angular  vslodty  imposed  on  a track 
pitch  riding  on  ths  sprocket  of  an  M-60  at  50  eph.) 
o Control  ths  radial  loading  cyda  up  t«  a ouxlmusn  load  of 
+ 25,000  lb.  (This  corresponds  to  a maximum  of  5,000  pal 
load  on  a 4-inch  length  of  a T-97  bushing.) 


i 


139 


9 Use  * eo list  (Into  which  th«  busMng  is  coapmatd  for 
tho  tost)  that  is  temperature  cootrollod  (to  simulate 
aay  rsssoosblu  temperature  enviroemsat) , and  oao  that 
csa  bo  dlsssssablod  sloop  an  axial  bushing  plan  to  allow 
removal  of  tho  boshing  specimen  froa  tho  eollot  for 
laspoctlon  without  incurring  further  daaago  to  tho  bushing 
as  a result  of  removal. 

o Operate  24  hours  a day,  generally  unattended,  and  aonitor 
variables  of  interest. 

A coaperison  of  the  "standard"  QPL  test  cycle  with  angular  deflec- 
tions experienced  by  the  bushings  in  an  M-60  T-142  track  is  shown  in  Figure 
54a,  and  a coaparison  of  radial  loads  is  shown  in  Figure  54b.  the  differences 
between  tbs  test  and  actual  cycles  in  both  cases  Is  striking,  and  the  objective 
of  the  bushing  research  aachlne  design  effort  was  to  design  a machine  which 
could  wore  realistically  duplicate  the  actual  cycle. 

These  requireaents  define  a acchine  with  three  independent  control 
systems : a radial  load  actuator  that  will  follow  a force  level  conmend;  a 
torsional  actuator  that  will  cause  bushing  angular  deflection  to  follow  a 
displacement  command;  and  a temperature  controller  that  will  track  a temperature 
set-point. 

A mechanically  actuated  aachlne  would  be  very  efficient,  but  would 
not  have  the  ability  to  reproduce  the  actual  mix  of  the  load-deflection  cycles 
that  might  be  seen  in  service.  Pneumatic  systems,  for  those  loads  and  fre- 
quencies, would  be  ungainly,  thus,  an  electrohydraulic,  Jervocont rolled 
approach  was  chosen. 

The  configuration  of  the  machine  which  evolved  is  shown  in  Figure  55 
and  la  one  in  which  the  track-pin  is  free  to  rotate,  aa  it  is  mounted  in 
bearings  on  each  side  of  the  collet.  Radial  loads  are  applied  through  the 
collet,  which  undergoes  no  angular  displacement.  Torsional  loads  are  applied 
to  the  pin,  causing  rotation  of  the  pin  with  respect  to  the  collet.  Machines 
which  fix  the  pin  completely  (allowing  no  pin  rotation)  end  apply  both  torque 
end  redial  deflections  through  the  collet  eliminate  the  need  for  the  bearing 
support  of  the  pin  and  the  associated  wear  and  deflection  problesm. 


Actual  cycle  deflate  by  N40  track  gcnactry  only 

Staaderd  test  practice  deflaed  by  Araoor  «e search  Foundation  developed 
aechlne  that  la  currently  running  QFL  casts 
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Actual 


Distance  eloag  track  (let has) 


Tank  Track  Bushing  Angular  Deflection 


Beak  Tractive  Effort  7 


Staaderd  Teat- 


/ 1 ecceler-  ' 

.''atloa  froa  standstill. 
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b.  Tank  Track  Bushing  Radial  Load 

FIGURE  54.  COMPARISON  OF  QPL  7XST  CYCLE  WITH  ACTUAL  BOSHING  LOADS  AND  DEFLECTIONS 
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Honour,  this  Approach  vac  not  used,  for  in  applying  torquo  to  the  collet 
In  thin  nanner,  one  would  be  forced  by  geometry  to  uee  a greater  lever  era 
than  la  desirable  dynamically,  difficulty  in  applying  reverting  radial  loads 
would  ha  encountered,  and  torsional  and  radial  loading  would  not  be  controllable 
independently. 

Bacaose  pin  breakage  has  been  a problem  in  previous  test  machines, 
and  because  pin  bending  would  cause  non-uniform  bushing  compression,  pin 
deflection  was  minimised  by  the  use  of  a set  of  preloaded  tapered  roller 
bearings  on  each  end  of  the  pin  to  fix  the  pin  horisontally  as  rigidly  as 
possible.  This  reduces  pin  deflection  to  about  1/5  of  that  occurring  in  the 
case  of  a simply  supported  end.  The  b tarings  selected  have  a fatigue  life 
(90  percent  probability)  of  123  x 10®  cycles  at  maximum  load,  or  one  year  of 
continuous  (24  hour-per-day)  operation  at  the  standard  load  cycle  rates. 

At  the  load  used  in  QPL  tests,  the  bearing  life  would  be  increased  by  a factor 
of  50. 

Tests  that  may  be  run  at  bushing  temperatures  to  300  F will  cause 
the  pin  to  grow  axially  about  0.010  inch.  This  growth  must  be  accommodated 
to  prevent  higher  stresses  from  overloading  the  pin-support  bearings.  Thus, 
the  left  bearing  block  was  supported  by  flexure  plates*  These  are  rigid  in  the 
direction  required  to  resist  a possible  25, 000- lb.  radial  load,  and  yet  flexible 
enough  axially  to  deflect  axially  to  permit  thermal  pin  growth. 

The  pin  clamping  device  must  have  a positive  grip  to  transmit  the 
required  torques,  allowing  for  easy  pin  Insertion  and  removal,  and  be  easily 
adaptable  to  the  various  diameters  of  pins  to  be  tested.  A tapered  collet 
chucking  device  was  designed  for  this  purpose  that  is  housed  within  the  2.95- 
inch  I.D.  of  the  pin-support  bearings.  The  pin  is  no  be  loaded  into  the  two 
bearing  blocks  by  sliding  one  block  aside,  inserting  one  end  of  the  pin  into 
the  stationary  block,  then  returning  the  block  to  its  original  location  over 
the  other  end  of  the  pin.  The  collet  draw  screws  are  then  tightened  to  secure 
the  pin. 

Because  of  the  high  engular  velocities  required  to  reproduce  bushing  tor- 
sion cycle  rates  that  might  be  imposed  in  service,  special  attention  was  given  to 
minimising  the  moment  of  Inertia  and  selecting  the  hydraulic  servovalve.  There 
is  a combination  of  piston  area  and  crank  level  ara  length  that  will  give  the  best 
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speed  of  response  to  the  system,  balancing  the  effect  of  dissipating  energy 
in  high  flow  through  the  servovalve  (as  will  occur  with  a large  cylinder 
area)  against  the  effect  of  the  lower  accelerations  available  with  a smaller 
cylinder  area.  A 1-1/ 8- inch-diameter  hydraulic  cylinder  activated  through 
two  Moog  76-233  servovalves  operating  on  a 1.16-inch  crank  arm  will  supply 
the  torsion  requirements.  Radial  loads  will  be  provided  by  a 4-inch-diameter 
cylinder  actuated  through  a Mood  72-101  servovalve. 

Instrumentation  will  include  strain  gages  on  the  crank  arm  to 
measure  torque  input,  a rotary  DCDT  to  measure  angular  displacement,  a strain- 
gage-  type  load  cell  to  measure  radial  load,  a DCDT  to  measure  radial  deflection; 
and  thermocouples  for  measurement  of  the  bushing  collet  temperature.  Because 
the  machine  is  to  operate  unattended  for  long  periods,  several  safety  monitors, 
to  automatically  shut  che  test  down  if  necessary,  must  be  employed.  Pin 
breakage,  extreme  hydraulic  oil  temperatures,  loss  of  control  signal,  the  pin 
slipping  in  the  collet,  or  other  unsafe  or  abort  conditions  will  be  monitored 
to  terminate  the  test. 

A split-collet  block  has  been  designed  to  house  the  bushing  for  its 
test.  Temperature  control  fluid  that  flows  through  passages  around  the  bushing 
is  introduced  into  each  block  half  through  double  shut-off,  quick-disconnect 
couplers.  This  block  is  attached  to  the  radial  load  cylirder  through  a mounting 
plate. 


More  detailed  information  on  the  bushing  laboratory  research  machine 
is  included  in  Appendix  E,  including  data  on  the  control  system  and  instrumenta- 
tion. Due  ' limited  funding  and  an  establishment  of  priorities  for  tasks 
remaining  in  list  phases  of  the  Track  Dynamics  Program,  the  bushing  research 
machine  did  not  progress  beyond  the  drawing  board. 
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Advanced  Trade  Concepts 

Early  In  the  program  it  was  decided  to  focuc  a mode at  portion 
of  the  effort  on  attempts  to  conceive  and  develop  new  track  concepts.  At 
the  outset  both  revolutionary  (long-term)  and  evolutionary  ( short -ttrm) 
ideas  were  considered.  However,  the  revolutionary  concepts  were  not 
carried  forward  and  the  attention  was  priasrily  given  to  evolutionary 
ideas.  The  prime  target  for  the  conceptual  efforts  was  linked  track  for 
heavy  armored  vehicles  as  opposed  to  linked  track  for  lighter  vehicles 
or  unusual  track  such  as  the  band  track. 

An  understanding  of  the  problems  of  current  track  was  gained 
early  in  this  program  by  a series  of  visits  with  the  major  elements  of 
the  track  community.  This  understanding  was  enhanced  and  revised  during 
the  program.  Figure  56  is  a tabular  display  of  the  latest  version  of 
this  understanding  of  track  problems.  The  conceptual  efforts  were  guided 
by  this  understanding  as  it  developed  during  the  program. 

The  conceptual  design  was  iterated  a number  of  times  as  the 
design  constraints  and  problem  understanding  varied.  Figure  57  illustrates 
the  major  design  iterations  and  interactions  with  the  track  community 
during  this  process.  The  four  versions  of  the  concept  will  be  discussed 
separately.  An  investigation  of  end  connectors  will  be  treated  separately 
also,  since  it  is  germane  to  all  cf  the  versions  (as  well  as  to  current 
XM-1  and  M-60  designs).  A brief  discussion  of  revolutionary  (longer  term) 
concepts  is  also  included. 


First  Version 


This  version  was  an  integral  pad  design  with  no  aggressive 
grouser  other  than  that  provided  by  the  pad  itself.  It  was  intended  for 
the  XM-1  but  required  a sprocket  change  because  of  a greater  end  connector 
pitch.  It  could  have  been  designed  for  the  M-60  as  well. 

Various  pitch  lengths  were  studied,  and  the  design  was  based  on 
an  8.38-inch  overall  pitch.  The  pitch  of  the  pins  in  the  shoe  was  the  same 
as  the  current  XM-1  tracks,  4.94  inch.  The  pitch  of  the  pins  in  the  end 
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connector  was  3.44  inch,  which  wu,  of  course,  greeter  then  the  XM-1  The 
opinion  wee  that  the  dynamic  characteriatica  of  the  XM-1  track  would  not 
be  adversely  affected  by  increasing  the  length  of  the  ahortar  pitch  (the 
end  connector  pitch).  The  overall  pitch  of  8.38  inch  would  allow  a 10- 
tooth  ap rocket  to  be  used  in  place  of  the  current  11-tooth  XM-1  sprocket 
without  changing  the  sprocket  diameter.  This  same  design  approach  could 
have  bean  applied  to  the  M-60  track.  In  that  case,  the  overall  pitch 
would  have  been  Increased  to  7.63  Inches  and  the  shorter  (or  end 
connector)  pitch  would  have  been  3.19  Inches. 

This  version  is  illustrated  by  Figures  56  and  59.  It 
employed  larger  diameter  pins  (1-3/4  in.)  than  current  designs,  The  pins 
were  steel  and  were  tubular.  The  bushings  were  larger  in  diameter,  but 
retained  the  same  ratio  of  inner  to  outer  diameter.  The  binocular  was  a 
fabricated  steel  structure  with  larger  diameter  tubes  and  multiple  closely 
spaced  connecting  flanges.  The  end  connector  design  departed  quite  radically 
from  the  traditional  wedges.  The  center  guide  was  somewhat  traditional, 
but  was  a partial  fabrication  to  save  weight.  The  overall  track  structure 
was  stiffer  axially  and  laterally  because  of  stiffer  pins  and  stiffer 
binocular  structure.  The  bushings  were  torsionaliy  much  stiffer  but 
radially  were  of  similar  stiffness  to  current  bushings.  The  roadvheel  path 
was  contoured  to  reduce  forcing  vibrations  into  the  roadwheels.  The  road 
pad  contained  the  same  amount  of  rubber  as  the  current  XM-1  integral  pad 
design,  but  the  shape  and  thickness  were  altered  to  reduce  hysteresis  and 
pad  rocking. 

In  addition  to  reducing  pin  bending  stresses  the  larger  diameter 
pins  (and  larger  diameter  binocular  tubes)  resulted  in  a more  uniform 
loading  of  the  bushings  along  their  length.  Table  5,  Page  81,  compares  the  pin 
bending  stresses  and  bushing  effectiveness  of  this  concept  to  other  designs 
in  current  use  or  development. 

This  version  primarily  showed  promise  for  reduced  weight, 
reduced  pin  breakage,  improved  bushing  life,  reduced  thermal  problems, 
and  reduced  end  connector  maintenance.  Referring  to  the  earlier  table  of 
track  problems  and  areas  for  improvement,  this  concept  specifically 
attacked  them  as  follows: 


■ 


1.  END  CONNECTOR 

2.  SADDLE 

3.  TRACK  PIN 

4 . TIGHTENING  BOLT 

5 . WASHER 

6.  PIN  END  PLUG 


FIGURE  59.  CONCEPT  FOR  IMPROVED  END  CONNECTOR  ASSEMBLY 
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(1)  Weight  - This  concept  weighed  79  lb/ffe  versus  91  for  the 
current  XM-1  Integral  ped,  steel  binocular,  modified  T-97 
design.  The  modified  T-142  aluminum  replaceable  pad  dealgn 
for  Che  XM-1  weighs  95  lb.  The  savings  per  vehicle  for 
this  concept  would  have  been  approximately  1200  lb  and  1600 
lb,  respectively. 

(2)  Life-Cycle  Costs  - Improvement  in  life-cycle  costs  may  have 
resulted  from  long  bushing  and  pin  life,  improved  resistance 
to  road  pad  and  roadwheel  path  thermal  problems,  and  improved 
integrity  of  the  ecd  connectors. 

(3)  Track  Throwing  - Improved  resistance  to  track  throwing  may 
have  resulted  due  to  increased  lateral  stiffness. 

(4)  Pin  Breakage  - The  pins  were  designed  to  be  1.33  times 
stronger  and  1.7  times  stiffer  than  the  current  1.375-inch- 
dlameter  XM-1  pins,  and  1.62  times  stronger  and  2.29  times 
stiffer  from  the  current  1.250- inch-diameter  T-142  pins. 

(5)  Pad  and  Path  Thermal  Blowout  - The  stiffness  of  the  pad 
and  path  were  substantially  increased,  particularly  in  the 
crucial  zones  in  the  center.  In  addition,  the  length  of  the 
conduction  pathr  within  the  rubber  itself  were  appreciably 
shortened. 

(6)  Bushing  Life  - The  larger  diameter  bushing  would  have  sub- 
stantially reduced  projected  area  loads.  The  torsional 
unit  strains  would  have  been  the  same  as  current  bushings. 

In  addition,  the  stiffer  pins  and  binocular  structure  would 
reduce  the  concentration  of  end  bushing  loads  which  have  been 
calculated  and  observed  to  exist  in  current  designs.  If,  as 
expected,  the  bushing  hysteretic  heating  was  small  compared 
to  other  heating  effects,  the  bushing  life  should  have  been 
much  improved. 

(7)  Maintainability  and  End  Connector  Problems  - The  saddle  lock 
end  connector  was  designed  with  the  goal  of  eliminating  loosen- 
ing during  running,  the  need  for  repeated  cycles  of  tightening, 
and  easier  removal.  However,  later  design  efforts  determined 
that  stress  levels  in  this  saddle  lock  end  connector  were 
probably  not  reasonable. 


71 


(8)  At«rMtivt  Grousers  - This  concept  did  not  attack 

the  widely  debated  queation  of  need  for  aggraaalva  grousers. 

(9)  Dfleric  Problems  - The  chordal  action  forcea  in  preaeat  heavy 
vehicle  double-pin  track  have  been  calculated  to  be  amall, 

ao  thia  track' a greater  axial  atif fneaa  ahould  not  have  been 
particularly  objectionable*  The  increaaed  length  of  the  end 
connector  pitch  vaa  believed  to  be  insignificant  froa  a 
dynamic  atandpoint.  Parametric  coeparlaona  showed  the  greatest 
relative  dynamic  affects  were  to  be  expected  on  lighter* 
high-speed  vehicles  with  the  single-pin*  long-pitch  track. 

Investigations  in  support  of  this  1st  version  included  a bushing 
hysteresis  estimate*  parametric  scaling  of  bushing  characteristics  versus 
sise  and  proportions*  and  materials  and  materials  processing  reviews. 

Materials  Investigation.  A brief  materials  investigation  was 
conducted  with  the  primary  purpose  of  qualifying  aluminum  for  use  in  the 
track  shoe  binocular.  The  hope  was  that  some  form  of  aluminum,  cheaper 
than  forgings*  would  be  found.  If  so,  aluminum  might  then  be  used  with  a 
modest  weight  savings  and  not  too  great  a cost  penalty.  This  did  not  prove 
to  be  the  case. 

An  aluminum  extrusion  would  locate  the  material  in  the  correct 
places.  However*  the  zones  of  weakness  in  the  extrusion  (the  zones  where 
the  aluminum  rewelds  after  passing  around  the  bridges  which  support  the 
mandrels  which  form  the  holes)  would  be  in  critical  locations.  In 
addition,  the  alloys  which  reveld  the  best  are  not  the  stronger  alloys. 

The  cost  of  aluminum  extrusions  was  estimated  to  be  at  least  In  the  $1.25 
per  pound  range.  On  the  basis  of  these  considerations,  aluminum  extrusions 
were  rejected. 

Aluminum  die  castings  were  also  investigated.  Recent  high- 
strength  alloys  and  modem  technology  die  casting  techniques  have  been 
considered.  No  alloy  was  found  which  combined  both  high  strength  and 
good  ductility.  In  addition,  the  cost  of  aluminum  die  castings  was 
estimated  to  be  at  least  in  the  $1.50  per  lb  range.  Therefore,  aluminum 
die  castings  were  rejected. 


Alariw  forgings  ware  probably  acceptable  froo  a perfonaanco 
st— dpolnt.  Bo— r,  no  avnilabla  con—  rcial  capability  was  found  for 
forging  a 1 uninun  In  two  directions  sinultaneously.  Such  a capability 
w— Id  haws  allowed  the  holes  which  receive  the  pln/bushing  to  be  forged 
rather  than  wastefully  —chined.  The  cost  of  alualnua  forgings  was 
esti— ted  to  be  in  the  $2.00  per  lb  range. 

▲ fabricated  steel  binocular  was  then  conceived,  as  shown  earlier 
in  Figure  SO*  This  steel  binocular  would  utilise  welded  thin-vall  tubing 
and  Multiple  load-carrying  flanges.  The  flanges  would  have  been  forgings, 
stampings,  or  powdered  — tal.  If  powdered  — tal,  they  would  have  been  hot 
forged  or  hot  coined  after  sintering.  Whichever  net hod  of  fabrication 
for  the  flengee  was  chosen,  they  would  heva  been  heat  treated  and  have 
comparable  — chanical  properties  to  the  forgings  currently  used  on  braced 
et— 1 binoculars.  The  conclusion  wee  reached  that  e fabricated  steal 
binocular  could  ba  designed  which  would  have  oqual  or  better  strength  and 
etiffnees  than  the  currant  XK-1  modified  T-97  etael  binocular  and  perhaps 
ba  slightly  lower  In  — ight.  It  would  have  superior  performance  in 
reducing  hysteretlc  hasting  of  the  road  pad  and  roadwheel  path  rubber. 
Assuming  a fabrication  tooling  investment  van  —da  it  would  probably  be 
cheaper  in  first  cost  than  a forged  aluminum  binocular. 

A sample  of  a steel  fabricated  binocular  was  mads  and  is  pictured 
in  Figure  60.  A substantial  knowledge  was  gained  during  the  fabrication 
on  questions  of  tolsrances,  assembly  techniques,  brazing  tachnlquaa,  etc. 

The  general  conclusions  reached  from  the  fabrication  experiment  were 
e So— what  graater  attention  to  detail  and  precision  would 
bs  requirsd  for  this  fabrication  compared  to  current  brazed 
steel  binoculars. 

e Proven  commercial  brazing  techniques  and  materials  are 
satisfactory. 

e No  long-term  or  expensive  development  of  fabrication  techniques 
is  anticipated  to  be  necessary, 
e The  assembly  appeared  to  be  stiff  and  structurally  sound, 
e The  center  tube  may  not  be  necessary,  and  its  inclusion  in 
the  design  should  be  carefully  evaluated, 
e The  weight  estimate  for  the  assembly  was  confirmed. 
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FIGURE  60.  PHOTOGRAPH  OF  BRAZED  STEEL  BINOCULAR  ASSEMBLY  FOR  TRACK  SHOE 
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Iwahlam  Consideration*.  Preliminary  analysis  was  conducted  on 
certain  aspects  of  bushint  performance  In  order  to  determine  the  accept- 
ability of  employing  larger  diameter  bushings  around  the  larger  diameter 
tubular  pins.  Earlier  work  on  bushings  by  TARADCOM  indicated  e desirable 
improvement  in  bushing  life  if  either  the  radial  unit  load  or  torsional 
eagle  of  deflection  were  reduced.  The  torsional  angles  of  deflection  are 
fined  by  the  track  geometry  and  are  independent  of  bushing  diameter.  The 
unit  strains  in  the  rubber  are  also  independent  of  diameter  as  long  as 
similar  transverse  proportions  are  used  for  the  bushings.  A larger  bushing 
would,  however,  reduce  the  radial  unit  loads.  This  first  version  concept 
would  have  reduced  them  by  a ratio  of  1.25/1.75  or  to  a value  of  71  percent 
of  the  loads  of  the  current  T-142  bushing.  However,  consideration  had  to 
be  given  to  potentially  damaging  increases  in  hysteretic  heating  of  the 
larger  bushings.  Parametric  estimates  were  made.  Table  14  shows  the 
expected  relationships  between  spring  rates,  hysteretic  heating  and  the real 
gradients  versus  mean  diameter  of  the  bushing  for  bushings  of  varying 
diameter  but  similar  transverse  proportions.  Of  note  on  Table  14  i*  the 
fact  that  both  the  amount  cf  hysteretic  heat  and  the  thermal  gradient  in 
the  bushing  due  to  angular  deflections  can  be  expected  to  vary  as  the 
diameter  squared.  Whether  or  not  this  is  an  area  of  concern  depends  on  the 
relative  values  of  the  bushing's  own  internally  produced  hysteresis  compared 
to  the  hysteresis  produced  in  the  surrounding  rubber  of  the  road  pad  and 
roadvheel  path.  Table  15  shows  an  estimate  of  these  relative  values. 

This  table  is  based  on  experimental  determinations  of  hysteresis  which 
were  made  on  T-142  parts  at  Bet telle  during  this  program.  The  bushing 
wee  estimated  to  produce  only  about  11  percent  of  the  total  hysteretic 
heating.  With  the  larger  bushing  of  this  first  version  of  the  enlarged  tubu- 
lar pin  concept  the  bushing  is  expected  to  produce  about  18  percent  of  the 
total  heat. 

It  is  not  possible  to  analytically  quantify  the  gsin  in  bushing 
life  from  reduced  radial  unit  loads  or  the  loss  in  bushing  life  from  possible 
increases  in  operating  temperatures  within  the  bushing.  It  was  concluded 
that  the  potential  overall  advantages  of  the  larger  diameter  tubular  pins 
(and  the  resulting  larger  bushings)  were  sufficient  to  justify  their 
consideration.  Laboratory  tests  would  be  needed  to  determine  the  amount 
of  increase  in  bushing  internal  temperatures  and  the  effects  on  bushing 
life. 
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TABU  M.  BOSHING  CHARACTERISTICS  VERSOS 
MEAN  DIAMETER  (D)* 


Angular  spring  rata  Proportional  to  D 2 

Radial  spring  rata  Constant 

Hysteresis  hast  producad  by  angular  2 

daflaction  Proportional  to  D* 

At  in  rubber  from  angular  deflection  2 

hysteresis  heat  Proportional  to  D* 


* For  bushings  of  dimensionally  similar  transverse 
proportions 


TABU  15.  HYSTERESIS  COMPARISON  OF  BUSHING, 
ROAD  PAD,  AND  ROAD  WHEEL  PATH 


Value,  Percent  of 

ft-lb  total 


Bushing 

78 

11 

Road  pad 

448 

66 

Road  wheel  path 

157 

23 

Total  - 

683 

Too 

*For  a T-142  per  one  full  pitch  per  track  revolution 
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1st  Version  Suaa ary.  This  version  appeared  to  bs  s weight  sffsctlvs 
sltsrnstlvs  to  ths  Intsgrsl  pad  aodlflad  T-9?  version  being  pursued  for  the  XM-1 
with  the  expectation  of  lass  pin  breakage,  better  bushing  life  and  better 
road  pad  and  road  wheel  path  theraal  performance.  It  remains  the  best  concept 
of  this  program  for  an  Integral  pad  daslgn. 

However,  the  review  of  this  concept  raiaed  serious  questions  about 
the  overall  life  cycle  cost  effectiveness  of  any  integral  pad  approach. 

In  addition,  concern  was  expressed  over  the  lack  of  a wartime  aggressive 
grouser  capability.  These  questions  led  the  conceptual  effort  toward  the  2nd 
version. 

Second  Version 
• 

The  second  version  utilised  a replaceable  pad  and  a replaceable 
steel  grouser  plate.  It  retained  the  1-3/4-inch-diameter  tubular  steel  pin. 

It  was  intended  for  the  XM-1  but  required  a sprocket  change  since  it  retained 
the  longer  end  connector  pitch  (3,44  in.?  of  the  1st  Version.  It  differed 
from  the  1st  Version  in  that  5 load  carrying  links  were  chosen  as  a compromise 
rather  than  9,  Figure  61  illustrates  the  approach.  The  features  of  this 
concept  were 

(1)  Essentially  all  the  rubber  in  the  replaceable  pad  was 
placed  so  as  to  be  available  for  wear.  This  minimized 
weight  and  reduced  hysteretic  heating. 

(2)  The  steel  grousers  were  designed  to  be  storable  in  the 
same  amount  of  space  as  the  replaceable  pads.  (It  was 
expected  that  a 20  percent  complement  of  grousers  would 
be  sufficient.) 

(3)  Based  on  providing  the  above  20  percent  complement  of 
grousers,  it  was  estimated  that  the  weight  per  foot  of 
track  would  be  ,89  lb  or  about  10  lb  greater  than  the 
integral  pad  version.  This  was  still  less  than  any  other 
concept  with  comparable  features  currently  being 
considered. 

(4)  A unique  attachment  scheme  was  evolved  which  allows 
quick  removal  of  pads  or  grousers  with  only  a hammer 
and  bar. 
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The  review  of  this  concept  by  TARADCOM  management  revealed  concern 
over  the  pad  and  grouser  attachment  means  and  over  the  basic  idea  of  carrying 
along  replaceable  grousers.  Because  of  the  difficulty  in  achieving  an  accept- 
able replaceable  pad/replaceable  grouser  version,  attention  was  redirected 
concurrently  toward  a revised  integral  pad  approach  (3rd  Version)  and  a 
replaceable  pad/integral  grouser  approach  (4th  Version). 


Third  Version 
* * 

This  version  was  the  final  attempt  to  configure  an  integral  pad, 
enlarged  tubular  pin  concept  during  this  program.  It  is  shown  in  Figure  62. 
While  it  retained  most  of  the  features  shown  on  earlier  versions,  it  differs 
in  two  regards.  Four  ribs  were  chosen  as  a compromise  between  the  number 
on  current  track  (2)  and  the  large  number  (9)  shown  on  the  1st  Version.  In 
this  concept  the  center  tube  was  not  fitted  tightly  (and  not  brazed)  to  the 
center  two  ribs.  This  compromise  considerably  simplified  the-  fabrication 
of  the  brazed  steel  binocular  assembly. 

This  version  retained  the  weight  advantages  of  the  1st  Version, 
weighing  79  lb/ft  of  track.  It  required  a sprocket  change  to  the  XM-1 
because  of  the  longer  end  connector  pitch.  It  surrendered  some  of  the  thermal 
advantages  of  the  large  number  of  ribs. 


IGURE  62.  CONCEPT  FOR  A LIGHTWEIGHT  FABRICATED  STEEL 
INTEGRAL  PAD  BINOCULAR 
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Fourth  Version 

» 

Design  Constraints.  A set  of  design  constraints  was  evolved  late 
in  the  program  to  guide  the  final  conceptual  effort.  The  philosophy  behind 
these  constraints  was  basically  to  move  even  more  toward  an  evolutionary 
rather  than  revolutionary  approach  in  order  to  maximize  the  chances  of  a 
short-term  hardware  tryout.  The  constraints  were 

• Both  the  shoe  and  end  connector  must  use  the  same  pitch  as 
the  current  XM-1. 

• The  track  must  be  interchangeable  with  the  Leopard  without 
drive  sprocket  changes  or  suspension  changes. 

e The  shoe  must  have  a replaceable  pad. 

• When  the  pad  is  removed  the  shoe  must  present  at  least  a short 
aggressive  grouser  to  the  ground. 

• The  track  should  be  designed  to  minimize  the  changes  required 
on  the  M-60  to  allow  its  later  utilization  thereon. 

• Wedge-type  end  connectors  will  be  used  with  the  wedge  action 
turned  over  to  improve  tightening  and  improve  maintainability. 

9 Simple,  straightforward  pad  attachment  schemes  will  be  used 
with  emphasis  on  protection  against  thread  corrosion. 

4th  Version  Concept.  The  effort  in  response  to  these  constraints 
included  a cast  steel  approach  and  a steel  forging  and  tube  approach.  Brief 
consideration  was  also  given  to  a welded  fabrication  of  HSLA  steel  but  time 
did  not  allow  a thorough  investigation.  (Future  track  efforts  should  include 
an  investigation  of  the  use  of  welded  HSLA  steel  in  more  detail.)  The  steel 
forging  and  tube  approach  was  chosen  as  the  most  likely  to  merit  additional 
development  and  consideration  for  the  XM-1. 

A design  was  carried  forward  in  which  the  shoe  structure  consisted 
of  a brazed  assembly  which  employed  one  steel  forging  and  three  steel  tubes. 
It  was  difficult  to  control  the  weight  of  a replaceable  pad,  grousered  design 
when  a single  forging  was  used.  The  weight/ft  of  track  which  resulted  was 
105  lb  rather  than  the  goal  of  95  lb  (a  95  Ib/ft  design  would  be  competitive 
with  the  modified  T 142  replaceable  pad,  aluminum  forging  XM-1  version). 
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The  approach  was  then  modified  to  utilize  a welded  assembly  of 
several  forgings  instead  of  a single  forging.  Three  forged  longitudinal 
links  were  welded  to  a bottom  grouser/plate  forging.  Steel  tubes  were  then 
brazed  into  this  forged  assembly  similar  to  current  practice.  This  change 
plus  some  other  minor  modifications  to  the  design  allowed  the  95  lb/ft  goal 
to  be  met. 

Appendix  p includes  a set  of  five  drawings  which  illustrate  this 
final  design  concept.  Some  features  of  it  are: 

• It  is  directly  interchangeable  with  the  XM-1  both  as  track 
sets  or  as  individual  pitches. 

e It  contains  a replaceable  pad  with  ground  contact  area 
equal  to  the  current  XM-3*  modified  T-142*  replaceable  pad 


version. 

• It  utilizes  wedges  with  turned  over  action  for  greater  effec- 
tiveness. (Discussion  in  the  following  section.) 

• It  contains  a hardened  steel  forged  1/2-inch  integral  grouser. 

• It  includes  a scheme  for  preventing  corrosion  of  the  threads 
on  the  simple  pad-attaching  stud. 

• It  contains  a tubular  pin  which  is  10  percent  stronger  and 
30  percent  stiffer  (in  bending)  than  the  current  XX-l  pin. 

Its  CD  is  1-5/8  inch.  This  pin  does  not  require  reinforcement 
in  the  zone  under  the  center  guide. 

• It  has  a large  center  tube  in  the  road  wheel  path  area  which 
reduces  the  rubber  hysteretic  heating  in  that  zone. 

e It  has  a stiffer  and  stronger  center  guide  with  greater  wear 


contact  area  with  the  roadwheels. 

This  approach  is  recommended  for  tryout  as  individual  pitches  in 
an  existing  XM-1  track.  It  can  be  thought  of  as  a replaceable  pad  track  with 
a competent  steel  grouser  which  is  competitive  in  weight  and  potentially 
cheaper  than  the  current  XM-l  modified  T-142,  replaceable  pad,  aluminum  forging 


version 
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End  Connector  Investigation 

A new  approach  to  end  connectors  was  evolved  in  this  program  (See 
earlier  Figure  59)  and  was  termed  the  saddle  lock  end  connector.  An  attempt 
to  configure  the  saddle  lock  end  connector  for  potential  use  on  the  T-142 
track  resulted  in  the  version  shown  as  Item  B in  Figure  63.  It  became  clear 
during  the  design  of  this  version  that  it  would  be  difficult  to  handle  the 
stresses  under  the  severe  requirement  which  had  been  set.  This  requirement 
was  that  one  end  connector  should  be  capable  of  twifting  two  pins  into  the 
correct  mean  bushing  angle  position  when  the  end  connector  was  disposed  on 
a straight  portion  of  the  track.  Under  this  condition  the  one  end  connector 
must  develop  a maximum  total  torque  (on  two  pins)  of  approximately  7500  in-lb. 
While  admittedly  a severe  requirement,  if  it  could  be  achieved,  it  would 
provide  the  maximum  level  of  maintainability  for  the  track.  The  washer  lock 
and  wishbone  lock  shown  as  Items  A and  C on  Figure  63 were  concepts  which  evolved 
in  an  attempt  to  reduce  the  stresses  dictated  by  this  severe  requirement. 

Analysis.  Figure 64  summarises  the  results  of  an  analysis  which  was 
made  to  compare  the  tightening  performance  of  the  washer  lock,  saddle  lock  ar.d 
wishbone  lock  with  the  current  wedge  design.  The  end  connector  bolt  force 
required  to  develop  a single  bushing  torque  of  3750  in- lb  is  plotted  against 
coefficient  of  friction  of  the  end  connector  parts.  Two  curves  are  shown 
for  the  current  wedge.  The  unfavorable  orientation  is  the  condition  in  which 
the  wedge  is  compelled  to  rotate  the  pin  in  a direction  such  that  the  tangen- 
tial movement  of  the  pin  is  opposite  to  the  direction  of  movement  of  the  wedge. 
This  condition  occurs  when  the  track  is  straight  or  any  time  the  track  is  bent 
less  than  the  amount  corresponding  to  the  mean  bushing  position.  The  favor- 
able orientation  occurs  any  time  the  track  is  bent  beyond  the  mean  bushing 
position,  such  as  when  the  track  is  fully  on  the  drive  sprocket  or  idler 
wheel. 

Several  important  observations  can  be  made  about  Figure  64. 

• For  the  unfavorable  orientation  of  the  current  wedge,  the  bolt 
force  becomes  asymptotic  at  the  coefficient  of  friction  of 
about  0.3*  For  friction  coefficients  higher  than  this,  the 
wedge  will  not  tighten,  even  though  the  required  torque  on 
the  bushing  is  modest. 


FIGURE  63.  CONCEPTS  FOR  END  CONNECTORS 


End  Connector  Bolt  Force  for  a Single  Bushing  Torque  of  3750  in-lb,  lbs 
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• Both  the  saddle  lock  and  the  wishbone  lock  would  be  superior 
in  tightening  to  the  current  wedge  when  it  is  unfavorably 
oriented.  The  stresses  would,  however,  b*'  difficult  to  handle 
during  the  severe  requirement  of  tightening  on  a straight 
portion  of  the  track. 

9 The  current  wedge  performs  well  in  tightening  when  in  the 
favorable  orientation. 

Based  on  the  above,  a double  wedge  design  was  conceived,  with  the 
hope  that  it  would  tighten  well  with  the  track  bent  to  either  more  or  less 
than  the  mean  bushing  position.  However,  it  proved  to  work  poorly  in  both 
conditions,  and  was  not  carried  further.  Figure  65  shows  the  effects 
of  varying  the  wedge  angle  on  the  tightening  performance  of  the  current 
wedge  design  connector.  The  effects  are  not  large. 

It  was  stated  earlier  in  this  discussion  that  an  end  connector 

which  could  fully  rotate  the  pins  into  the  mean  bushing  position  on  a straight 

portion  of  the  track  would  be  the  optimum  from  a maintainability  standooint. 

Such  an  end  connector  would  allow  the  tightening  to  be  done  along  the  full 

* 

length  of  the  top  run  of  the  track  with  fewer  and  less  precise  moves  of  the 
tank  required  to  position  all  of  the  end  connectors  for  tightening.  This 
simplification  would  promote  keeping  the  end  connectors  tight  in  service  by 
simplifying  the  job  of  checking  and  tightening,  and  would  increase  the  prob- 
ability of  getting  all  end  connectors  correctly  tightened  initially. 

Figure  66  shews  an  end  connector  ir.  which  the  wedge  action  is 
reversed.  (The  bolt  still  is  oriented  teward  the  inside  of  the  track  away 
from  the  ground.)  This  reversed  design  places  the  wedge  action  in  the 
favorable  orientation  when  the  track  is  straight  and  would  provide  the 
desired  high  maintainability. 


End  Connector  Tests.  A limited  laboratory  experiment  was  conducted 
to  investigate  the  trends  indicated  by  the  above  end-connector  analysis.  The 
experiment  confirmed  the  great  difference  between  end-connector  tightening  in  the 
"favorable"  and  "unfavorable"  wedge  conditions.  The  results  suggest  that  if 
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4Rd  connectors  are  tightened  when  in  the  favorable  wedge  condition,  the 
incidence  of  loose  end  connectors  should  be  significantly  reduced.  This 
conclusion  applies  both  for  maintenance  on  existing  track,  or  for  new 
reversed-wedge-action  end  connectors  that  would  be  designed  so  that  all 
end-connector  bolts  could  be  checked  for  proper  torque  with  fewer  and 
simpler  tank  moves. 

A view  of  the  end  connector  experimental  setup  is  shown  in  Figure 
67.  The  objective  of  the  laboratory  evaluation  was  to  determine  if  actual 
parts  would  demonstrate  the  characteristic  trend  predicted  by  analysis.  The 
experiment  was  conducted  using  one  set  of  new  parts,  including  a pin, 
wedge,  bolt,  and  end  connector.  The  pin,  which  had  been  shot  peened  but  did 
not  have  rubber  bushings,  was  cut  in  half  so  its  two  flats  could  be  utilized. 
Two  long  bars  were  welded  to  the  pins  and  adjustable  scale  weights  provided 
to  simulate  moments  up  to  the  maximum  bushing  torque  that  can  be  encountered 
when  tightening  end  connectors.  Relative  rotation  of  the  pins  was  measured 
at  the  end  connector  using  a dial  indicator,  and  bolt  looseness  was  noted  by 
observing  angular  position  of  the  bolt  head. 

Favorable  and  unfavorable  conditions  were  simulated  by  turning 
the  holding  fixture  over.  Two  lubrication  conditions  were  evaluated;  dry 
(parts  cleaned  with  acetone)  and  lubricated  (friction  surfaces  coated  with 
grease).  In  all  cases  the  bolt  was  lubricated  with  grease.  Each  condition 
was  evaluated  by  loosening  the  bolt,  applying  simulated  bushing  torque,  and 
then  tightening  the  bolt  and  observing  bolt  rotation  and  relative  pin  rotation^ 
The  experimental  results,  which  are  summarized  in  Table  16^ confirmed  the  great 
difference  between  the  favorable  and  unfavorable  conditions.  These  results 
strongly  suggest  that  the  maintenance  procedures  for  current  track  be  changed 
to  insure  that  tightening  occurs  in  the  favorable  orientation.  They  also 
suggest  that  consideration  be  given  to  a reversed  end  connector  design. 
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TABLE  16-  RESULTS  OF  END  CONNECTOR  EVALUATION 


Symbol 

Meaning 

k 

Pins  rotated  to,  or  nearly 
to,  the  tighten  position 

N 

Pins  did  not  rotate 

Bushing  Torque 
Percent 

Favorable  Unfavorable 

Lubricated  Dry  Lubricated  Dry 

5 

R R 

N N 

52 

R R 

N 

100 

R R 

Longer  Term  Concepts 


A limited  number  of  mere  radical,  longer  term  concepts  evolved 
during  this  program.  These  were  not  carried  forward  to  any  appreciable 
degree  because  of  cost  and  time  constraints.  Some  of  them  are,  however, 
enumerated  herein  with  a brief  explanation  in  the  hope  that  they  might 
provide  a conceptual  stimulus  to  future  track  investigators. 

i 

Spring-Loaded  Grouser.  This  concept  involves  a spring-loaded 
aggressive  steel  grouser  which  would  exert  sufficient  ground  contact 
loading  to  achieve  the  required  off-road  mobility.  This  spring-loaded  grouser 
would  utilize  an  elastomer  as  the  spring  member.  It  would  retract  to  a posi- 
tion flush  with  the  bottom  of  the  road  pad  when  the  tank  was  operated  on  hard 
roads.  The  unit  loads  of  these  spring-loaded  steel  grousers  on  the  paved 
hard  roads  would  be  many  times  lower  than  the  loads  of  the  steel  grousers  of 
current  track  types  when  they  operate  without  pads  on  hard  roads. 

The  advantage  of  such  an  approach  over  a replaceable  pad  design 
such  as  the  T-142  is  that  off-road  mobility  could  be  achieved  without  manually 
removing  the  road  pads.  The  advantage  of  this  approach  over  an  integral  pad 
design  with  no  steel  grouser  such  as  the  T-97  is  that  the  road  pad  could  be 
designed  to  be  larger  in  area  and  therefore,  have  better  wear  life. 

The  problems  with  this  approach  are  that  it  increases  track  weight 
and  cost,  and  that  it  is  very  difficult  to  achieve  a spring-loaded  grouser 
design  which  is  mechanically  rugged  enough  to  tolerate  the  wide  range  of  severe 
operating  conditions. 

Rolling  Pivot  Bushings.  This  concept  replaces  the  bushings  with 
a rolling  element  pivot  action  similar  to  that  employed  in  modern  high 
performance  silent  chain.  Rubber  is  used  as  the  rolling  contact  surface 
rather  then  lubricated  hardened  steel. 

The  advantage  of  such  an  approach  might  be  that  the  substantial 
strains  due  to  rotation  in  current  bushings  could  be  reduced.  In  addition, 
the  structural  requirements  on  the  pins  might  be  lower  and  result  in  lighter 
pin  constructions. 
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Road  Pad  Studs.  This  concept  involves  the  use  of  a multiplicity 
of  hardened  studs  in  the  road  pad  for  the  purpose  of  improving  traction  on 
ice.  A secondary  purpose  would  be  to  improve  heat  transfer  away  from  hot 
internal  zones  in  the  road  pad  rubber. 

Double  Bonded/External  Sleeve  Bushings.  This  concept  involves  the 
use  of  a bushing  which  is  double  bonded  between  the  pin  and  a thin  annular 
outer  sleeve.  The  outer  sleeve  would  be  slotted  longitudinally  to  allow 
sufficient  flexibility  for  pressing  into  the  binocular  bore.  The  assembly 
would  be  designed  to  not  slip  in  the  bore  under  normal  loadings  but  slip  ' 

under  back  bending.  The  presumption  is  that  such  a bushing  might  have 
better  life  because  of  the  elimination  of  slipping  between  the  bushing  rubber 
and  the  bore.  A problem  with  this  concept  would  be  the  prevention  of  corrosion 
between  the  outer  sleeve  and  the  bore. 

Bushing  with  Rigid  Sleeve  at  its  Radial  Midpoint.  This  concept 
involves  the  use  of  a bushing  which  has  a circumferentially  rigid  thin  metallic 
annular  sleeve  so  arranged  to  be  at  about  the  radial  midpoint  of  the  bushing 
after  insertion  in  the  shoe.  Such  a bushing  would  be  constructed  by  having 
the  space  between  the  sleeve  and  pin  filled  with  rubber  which  was  double- 
bonded  to  both  members.  The  space  between  the  sleeve  and  the  binocular  bore 
would  be  essentially  filled  (after  insertion)  by  rubber  donuts  which  are 
bonded  only  to  the  sleeve.  The  purpose  of  this  approach  is  to  achieve  high 
radial  stiffness  without  increasing  torsional  stiffness.  Such  a bushing  might 
have  longer  life  and  a track  employing  them  might  be  resistant  to  track 
throwing. 


Monopin /Monoblock  Shoe.  This  concept  involves  the  use  of  one  large 
tubular  pin  per  shoe  and  a shoe  which  extends  the  full  width  of  the  track.  The 
shoe  structure  is  essentially  a large  diameter  thin  walled  tube.  The  bushing 
lies  between  the  pin  and  tube  of  the  shoe  and  runs  along  the  full  width  of 
the  shoe  The  advantages  of  this  approach  might  be  in  the  reduction  of  center 
connector  problems,  pin  breakage  at  or  near  the  center,  and  lighter  weight. 
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Field  Test  Program 

Field  tests  were  considered  to  oe  an  Important  part  of  the  track 
dynamics  program. 

During  the  first  quarter  of  the  program,  an  assessment  was  made  of 
field  tests  which  would  be  most  valuable  to  the  study  of  track  dynamics*  It 
was  concluded  that  two  basic  types  of  field  tests  would  be  valuable  as  follows: 

o Static  or  low  speed  tests  on  smooth  terrain;  data  from  the 
vehicle  with  an  umbilical  cord  or  other  hardwired  system. 

These  tests  were  referred  to  as  "preliminary  tests". 

o Rough  terrain  tests  or  higher  speed  or  high  manueverability 
tests,  in  which  a telemetry- type  system  is  needed  to  record 
data.  These  tests  were  referred  to  as  rough-terrain  tests. 

The  primary  objective  of  the  field  test  program  was  to  support  the 
Track  Dynamics  Program  by  planning  and  conducting  field  tests  of  tank 
track  and  suspension  sys terns  as  required.  The  requirements  for  data  were 
principally  related  to  the  analytical  studies  and,  for  the  most  part,  the  data 
were  used  to  validate  the  mathematical  models  of  the  track,  suspension,  and 
shoe  thermal  models.  The  following  subtasks  made  up  the  field  test  program: 

1.  Define  the  field  data  requirements  for  validating  the 
mathematical  models  developed  in  the  Track  Dynamics  Pro- 
gram 

2.  Define  the  functional,  environmental  and  physical  requirements 
for  data  acquisition  systems 

3.  Establish  the  feasibility  of  employing  state-of-the-art  com- 
ponents for  wireless  telemetry  of  data  from  the  track 
components  during  full  scale  rough  terrain  tests 

4.  Design,  plan,  and  conduct  preliminary  tests  to  satisfy 
interim  data  requirements 

5.  Design,  plan,  and  conduct  full  scale  rough  terrain  tests, 
using  wireless  telemetry  in  the  data  acquisition  system  . 

The  goals  of  all  but  one  of  these  subtask?  was  accomplished. 

Subtask  5 was  completed  except  for  final  scheduling  and  conducting  rough 
terrain  tests.  This  portion  of  the  program  was  deferred  because  of  the  delays 
which  were  initiated  when  the  funding  was  temporarily  curtailed.  Details  of 
the  field  test  program  are  given  below. 
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Preliminary  Field  Tests 


Data  Requirements.  Information  obtained  from  the  staff  of  the  analytical 
task  showed  that  the  following  data  would  be  required  to  validate  the  analytic 
models : 

1.  Shoe-component  temperature  rise  during  vehicle  operation 

2.  Resonant,  or  wheel-hop,  frequency  of  roadwheels 

3.  Track-tension  values  during  specific  lcw»speed  and  static 
maneuvers 

4.  Track-pad  vibration  during  specific  low-speed  maneuvers  . 

Pin  bending  stress  and  shoe  forging  stress  were  also  considered  as 

cadidates  for  the  study,  however,  these  were  assigned  a lower  priority  because 
of  the  existence  of  data  frjm  prior  studies.  It  was  also  determined  that 
some  preliminary  information  on  the  track  shoe  environment  would  be  helpful  in 
designing  the  telemetry  system.  Accordingly  the  following  tests  were  planned 
for  a preliminary  test  program. 

1.  Response  of  track  tension  to  obstacles 

2.  Temperature  time  history  for  rubber  components  of  shoes 

3 3 Track  vibration  amplitude  and  frequency 

4.  Road  wheel  hop  frequency 

5.  Durability  of  a commercial  S-band  transmitting  antenna 
for  the  track-mounted  telemetry  system,. 

Working  with  Goodyear's  St.  Mary's,  Ohio,  plant,  Battelle  completed 
fabrication  of  instrumented  shoe  assemblies  for  the  temperature  and  tension 
measurements.  It  was  also  necessary  to  install  modified  shoe  end  connectors 
to  carry  electrical  connections  for  the  transducers. 

A vehicle  and  test  site  were  requested  from  TARADCOM  through  the 
Technical  Support  Division,  and  arrangements  were  negotiated  through  the 
Director  for  engineering  support.  The  test  program,  including  final 
preparations,  was  carried  out  at  Warren,  Michigan,  during  the  months  of 
January  and  February,  1978,  using  a tank  furnished  by  Chrysler. 


Wilson,  Nutt&ll,  Raimond,  "Stress  and  Load  Studies  of  the  T-142  Track", 
Final  Report  under  Contract  No.  DA  20-113-AMC-10559(W) , and  other  WNR 
Reports. 
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Track  Tsnsion  Teats.  A crack  shoe  was  instrumented  for  measurement 
of  Crack  tension  by  installing  electrical  resistance  strain  gages  on  the  outside 
surfaces  of  both  pins  to  measure  shearing  strain  at  the  transition  points  where 
the  pins  enter  and  leave  the  binocular  tubes.  The  gages,  four  at  each  of  the 
eight  locations,  were  placed  and  wired  in  the  bridge  circuits  in  such  a way 
as  to  respond  only  to  shear  produced  by  tension  in  the  track.  Other  force 
components,  i.e»,  those  produced  by  bending,  torsion,  lateral  force  and 
nominal  load,  are  electrically  cancelled  by  the  gage  arrangement  and  wiring. 

Each  of  the  eight  strain  gage  sets  was  connected,  by  wires  inside  the  pins,  to 
electrical  connectors  Installed  in  an  extension  of  the  shoe  end  connector. 

Following  calibration  of  the  instrumented  track  shoe  in  a tensile 
testing  machine,  the  shoe  assembly  was  installed  in  T*142  track  on  an  M-60, 

A-l  vehicle.  The  voltage  analogue  signal  from  the  eight  strain  gage  bridges 
on  the  two  instrumented  pins  was  read  out  with  a digital  voltmeter  fo  * static 
values,  and  recorded  on  magnetic  tape  for  analysis  of  dynamic  effects,  of 
track  traversing  obstacles  of  various  heights. 

It  was  necessary  to  carry  out  most  of  the  tension  test  Indoors 
because  of  severe  weather  conditions.  As  a result  it  was  necessary  to  limit 
the  tests  to  avoid  complications  arising  from  the  engine  exhaust  in  the 
building;  however,  a substantial  amount  of  useful  data  was  obtained. 

Track  Shoe  Tempera c^re.  One  shoe  assembly  was  fitted  with  thermocouples 
at  the  locations  shown  in  Figure  68  , Ihe  forging  and  pin  temperature  thermocouples 
were  attached  physically  to  the  metal  parts.  The  thermocouples  in  the  rubber 
components  were  bonded  to  small  copper  bullets  which  were  pressed  into  tight 
fitting  holes  bored  in  the  rubber.  The  wires  leading  from  the  thermocouples 
were  brought  out  to  a 24  pin  connector  located  in  the  shoe  pocket.  The 
thermocouples  were  read  with  a digital  thermocouple  monitor  before  and  after 
test  runs  in  which  the  tank  was  driven  at  a controlled  speed  on  dry  pavement. 
Temperature  changes  occurring  as  equilibrium  was  approached  between  runs 
were  accounted  for  by  adhering  to  a rigid  schedule  of  reading  both  temperature 
and  time  of  reading  for  each  thermocouple. 

Some  temperature  data  which  appeared  to  be  anomalous  at  the  time 
was  subsequently  explained  when  the  instrument  shoe  was  disassembled.  Glass 
fiber  insulation  on  the  thermocouple  lead  wires  had  chafed  resulting  in 
short  circuits  which  produced  erroneous  readings. 


*7^01*0  UJH&L  PATH 


FIGURE  68.  Location  of  Thermocouples  In  T-142  Shoe 
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Track  Pad  Vibration.  One  of  the  aspects  of  dynamic  behavior  of  the 
track  is  the  interaction  between  the  track  and  the  drive  sprocket  as  the  track 
eaters  and  leaves  the  sprocket.  Direct  observation  of  the  track  and  sprocket 
reveals  a disturbance  v?hen  the  track  enters  the  top  of  the  spxnc?:st  in  maneuvers 
which  require  reverse  motion  of  the  track.  This  disturbance  is  not  readily 
apparent  at  the  bottom  of  the  sprocket  regardless  of  the  direction  of  track 
motion. 

In  an  attempt  to  obtain  an  understanding  of  this  behavior,  miniature 
accelerometers  were  installed  on  a block  of  steel  held  in  the  track  pocket 
by  the  road  pad  anchor  bolt.  Electrical  signals  from  the  accelerimeters 
were  recorded  on  an  off-board  tape  recorder  while  low-speed  maneuvers  were 
carried  out.  The  vehicle  speed  and  the  movement  of  the  tank  were  limited  by 
the  signal  cables;  however,  some  powered  turns  were  executed  for  the  test. 

In  the  powered  turns  the  instrumented  shoe  moved  through  the  sprocket  in  both 
directions  while  the  track  on  the  opposite  aide  was  braked. 

Results  of  Preliminary  Field  Testa 

The  results  of  the  track  tension-tests  and  the  shoe  temperature  tests 
are  discussed  in  the  analytical  task  section  of  this  report.  The  wheel 
hop  frequency  study  showed  a resonance  at  38  Hsv  corresponding  to  a vehicle 
speed  of  15  mph. 

Analysis  of  the  shoe  acceleration  data  shows  relatively  small 
acceleration  amplitudes  (less  than  2 g zero-to-peak)  occurring  in  both  the 
line  of  travel  and  normal  to  the  line  of  travel  (perpendicular  to  the  road 
wheel  path).  The  fact  that  the  in-line  vibration  amplitude  is  the  higher  of  the 
two  amplitudes,  and  the  two  signals  are  reasonably  well  correlated,  tends  to 
confirm  the  presence  of  stick-slip  between  the  shoe  end  connector  and  the 
sprocket  as  the  connector  moves  through  the  sprocket.  (An  audible  indication 
of  stick-slip  is  observed  as  the  track  moves  backward  through  the  sprocket 
during  low  speed  neutral  turns  and  similar  maneuvers. 

No  vibration  corresponding  to  chordal  action  was  observed  in  the 
data.  This  is  to  be  expected  since  it  has  been  calculated  that  the  chordal 
action  at  low  speed  would  produce  very  small  acceleration  levels,  i.e.,  well 
below  the  random  vibration  level  observed  at  the  shoe. 

As  mentioned  earlier,  the  transmitting  antenna  held  up  well  during  the 
short  running  time  Involved. 
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Rough  Terrain  Teat  a 

Feasibility  of  Wireleaa  Telemetry.  The  track  measurements  described 
above  were  of  a type  which  could  be  done  either  with  the  tank  standing  still 
(static  temperature),  or  with  limited  motion  of  the  tank  (track  tension  response 
to  obstacles).  However,  dynamic  response  to  obstacles  and  rough  terrain  could 
not  be  obtained  without  some  form  of  wireless  link  between  the  track  and  a 
receiver  mounted  either  on  the  tank,  or  at  a separate  location. 

A literature  search  was  conducted  to  determine  the  current  state  of 
the  art  in  wireless  telemetry,  and  to  determine  the  identity  of  the  practitioners 
in  the  art.  The  literature  search  led  to  work  at  Sandia  and  Aberdeen  Provery 
Ground.  Direct  contacts  further  narrowed  the  search  to  studies  of  artillery 
projectiles— using  on-board  radio  telematry  to  relay  ballistics  data  to  a 
ground  station. 

Interviews  with  investigators  at  Aberdeen  helped  establish  contact 
with  two  firms  Involved  in  the  manufacture  of  miniature  telemetry  components 
with  claimed  adequate  resistance  to  shock  and  vibration.  Subsequent  discus- 
sions with  representatives  of  these  companies  were  helpful  in  choosing  1 
vendor  to  supply  components  for  the  field  test  program. 

The  datn  acquisition  «ystim  requirements  were  defined  in  terms  of 
functional  demands  a^d  environmental  conatrainta.  Functionally,  the  system  was 
required  to  transmit  data  from  the  track  of  an  operating  vehicle  to  a data 
recording  system  located  at  some  point  not  on  the  track.  This  requirement 
was  dictated  by  the  unavailability  of  any  multiple  channel  dynamic  recorder 
which  was  both  small  enough  and  rx’vgud  enough  to  install  on  the  track.  At 
a mi nl — «■  it  was  decided  the  system  should  transmit  a minimum  of  three  channels 
of  data  in  the  frequency  range  of  0-1000  Hr. 

Environmental  constraints  on  the  system  were  found  to  be  those 
associated  with  the  track,  i.e.,  limited  space,  severe  vibration,  flying 
rocks,  high  temperatures,  and  contaminants  such  aa  dust  and  water. 

It  was  also  determined  that  a goal  of  10  minutes  minimum  operation 
of  the  system  on  a set-  of  batteries  would  be  reasonable. 
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After  determining  that  a telemetry  system  meeting  these  requirements 
was  feasible,  the  design  of  this  system  proceeded.  The  telemetry  system 
consists'!  of  three  distinct  subsystems,  namely: 

1.  The  track  mounted  signal  processing  components  and  radio 
transmitter 

2.  The  hull-mounted  receiver  and  retransmitter 

3.  The  ven-mounted  receiver,  demodulator,  and  tape  recorder  , 

The  components  and  functions  of  these  subsystems  are  described 

briefly  In  the  following  paragraphs. 

Track  Mounted  Subsystems.  The  track-mounted  components  of  the  telemetry 

system  were  determined  to  be  as  follows: 

o Transducers  (strain  gages,  accelerometers,  temperature  sensor) 
o Signal  Conditioners  (provide  power  to  transducers  and  provide 
amplification,  aero  suppression,  etc.) 
o Subcarrier  oscillators  (generate  a frequency  analog  of  data) 
o Mixer  (combines  subcarriers  to  form  a frequency  domain  multiplex; 
o FM  Transmitter,  S-Band  (generates  a frequency  modulated  rf  carrier) 
o Antenna,  S-band,  Transmitting  (radiates  the  FM  rf  carrier  as  electro- 
magnetic energy) 

o Battery  Pack(s)  (provides  electrical  power  for  the  track-mounted 
components  listed  above)  . 

Figure  69  shows  a block  diagram  of  this  portion  of  the  system,  together 
with  the  specific  components  which  were  chosen. 

Hull-Mounted  Subsystems.  The  hull-mounted  components  of  the  telemetry 
system  were  determined  to  be  as  follows: 

o Receiving  Antenna,  S-Band  (receives  rf  signal  from  the  S-Band 
transmitting  antenna  and  converts  it  to  an  rf  voltage  signal) 
o S-Band  Receiver— consists  of  several  subsystems  including: 

(a)  Tuner  (selects  frequency  band  containing  the  rf  signal  from 
the  track  mounted  transmitter) 

(b)  IF  Amplifier  and  Filter  (amplifies  and  further  separates  the 
desired  rf  signal  from  undesired  signals  and  noise) 

o FM  Demodulator  (recovers  the  subcarrier  multiplex  signal  from 
the  Intermediate  frequency  signal) 
o Demultiplexor  and  Demodulator  (on-board).  In  this  case,  all  steps 
necessary  to  recover  the  data  signal  are  carried  out  on  board 
the  vehicle,  and  no  van  is  required  as  it  would  be  for  the 
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retransmission  of  the  subcarrier  multiplex,  aa  described  next. 

The  data  would  be  available  directly  and  would  be  tape  recorded 
on  a multichannel  FM  magnetic  tape  recorder  carried  on  board  the 
vehicle.  (Thla  la  Option  1.) 

o Retranamlaalon  of  Subcarrier  Multiples.  In  thla  option,  the 

subcarrier  multiplex,  aa  provided  by  the  demodulator  section  of  the 
S-Band  Receiver,  would  be  retransmitted  from  the  vehicle,  using 
TARADCOM's  L-Band  telemetry  transmitter.  (This  la  Option  2.) 

Figure  70  shows  a block  diagram  of  this  portion  of  the  system,  together 
with  the  specific  components  chosen. 

Van-Mounted  Subsystem.  A block  diagram  of  this  subsystem  is  shown  in 
Figure  71.  The  aubcarrler  multiplex,  from  the  FM  demodulator,  obtained  either 
directly  or  indirectly  through  the  medium  of  tape  or  retransmission,  is  first 
passed  through  a bank  of  band-pass  filters  to  separate  out  the  frequency  bands 
containing  the  subcarriers.  Each  aubcarrler  is  then  passed  through  the  appro- 
priate demodulator  and  filter  to  recover  the  original  analog  data.  The  data 
can  be  either  tape  recorded  or  written  on  an  oscilloscope  or  strip  chart 
recorder,  or  any  combination  of  these,  for  study  and  analysis. 

Preparation  for  Full-Scale  Tests.  To  implement  this  design,  some  of  the 
telemetry  system  components  were  available  at  Battelle  or  at  TARADCOM.  However, 
all  of  the  telemetry  components  on  the  track  shoe,  the  S-Band  Receiver,  and  the 
S-Band  Antenna  had  to  be  purchased.  An  S-Baid  frequency  assignment  at  2222.5  MHz 
was  requested,  and  the  request  was  still  being  processed  at  the  Electromagnetic 
Compatibility  Assurance  Group  (ECAG)  in  Annapolis,  Maryland,  at  the  time  this 
report  was  written. 

The  shoe-mounted  telemetry  system  was  assembled  and  installed  on  a 
group  of  shoes  which  included  the  shoe  instrumented  for  measurement  of  track 
tension  in  previous  testa.  Mounting  plates  were  designed  and  built  for  securing 
the  telemetry  components  and  batteries  to  the  shoes.  Interconnection  of  com- 
ponents was  accomplished  by  means  of  an  intershoe  connection  system  which  employs 
short  loops  of  ribbon  connector  and  quick  disconnect  plugs  and  receptacles. 
Provision  was  made  for  using  the  tension  shoe  In  either  a wireless  telemetry 
mode  or  in  a cable  connection  mode.  Figures  72  and  73  show  the  track-mounted 
portion  of  this  system  and  Appendix  G contains  mors  detailed  information  on 
its  design. 
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FIGURE  70.  HULL  MOUNTED  SUBSYSTEM  FOR  TELEMETERING  TRACK  DATA 

The  Filter/Demodulator  Subsystem  Shown  In  Figure  71 
Could  be  Connected  Directly  to  Point  A and  Data 
Tape  Recorded  on  Board  the  Vehicle. 


*To  be  furnished  by  TARADCOM. 


[ FIGURE  71.  VAN  MOUNTED  SUBSYSTEM  FOR  TELEMETERING  TRACK  DATA  \ 

• i 

If  This  Subsystem  Were  to  be  Used  on  Board  the  \ 


Tank,  the  Output  of  the  S-Banti  Receiver  Would  be 
Connected  at  Point  (?)  and  the  L-Band  Equipment 
Shown  in  This  Figure  and  Figure  70  Would  not  be 


| Needed. 
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FIGURE  73.  VIEW  SHOWING  COMPONENTS  IN  TRACK-MOUNTED  PORTIONS  OF 
TELEMETRY-TYPE  INSTRUMENTATION  SYSTEM 
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RECOMMENDATIONS  FOR  FUTURE  WORK 


The  Track  Dynamics  Program  has  established  a foundation  for  the 
analysis  of  track  dynasties  and  other  aspects  of  track  which  has  not  existed 
before.  The  thrust  of  the  program  has  been  the  developsient  of  analytical 
techniques  and  tools  to  analyse  and  evaluate  track  with  the  laboratory  and  fie Id 
analysis  in  supportive  roles.  Now  that  these  tools  have  been  developed  or  are  well 
under  development,  store  application  is  needed.  This  Includes  not  only  further 
parasieter  studies  on  the  heavy  double-linked  track  analyzed  in  this  program, 
but  extension  to  heavy  single-pin  track,  all  types  cf  lighter  track,  and  various 
new  track  concepts.  In  addition  to  the  analytical  work,  laboratory  studies  are 
needed  to  provide  input  data  (such  as  heat  generation  values)  to  the  analyses, 
and  on  their  own  merit  to  evaluate  track  components  — particularly  rubber  com- 
ponents such  as  bushings.  Field  studies  are  needed  to  utilize  the  instrumentation 
developed  during  this  program  and  provide  data  to  (1)  validate  analytically 
predicted  values,  and  (2)  provide  data  for  the  many  conditions  which  are  too 
complex  to  be  economically  treated  by  analytical  techniques  (complex  maneuvers 
over  rough  terrain,  for  example). 

While  these  are  general  areas  of  future  work,  more  specific  areas  are 
listed  below. 

TRACKDYNE.  The  development  of  the  TRACKDYNE  II  program,  representing 
a portion  of  the  track  loop,  is  considered  to  be  one  of  the  most  significant 
accomplishments  of  the  program,  as  it  "automatically"  includes  the  vibration 
modes,  chordal  action  effects,  and  other  dynamic  phenomena.  This  program 
should  be  expanded  to  include  an  entire  track  loop,  and  then  the  effects  of 
various  parameters  — weight,  bushing  stiffness  and  damping,  etc.  — examined 
for  various  vehicles  and  types  of  track  to  optimize  the  track  design.  Although 
considered  to  be  outside  the  scope  of  the  present  program,  the  whole  area  of 
track-generated  noise  and  vibration  can  be  handled  with  TRACKDYNE,  since 
it  outputs  the  amplitude  and  magnitude  of  forces  transmitted  to  the  hull. 

Therma  1 Analyses . The  SHOETEMP  III  model  should  be  exercised  to  give 
additional  guidance  on  ways  of  reducing  track  temperature  buildup.  Additional 
small-scale  laboratory  studies  are  needed  to  provide  better  input  on  the  thermal 
properties  of  track  metal  and  rubber  components.  Additional  work  on  the 
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T-142  and  T-97  versions  of  track  for  the  M-60  and  XM-1  tanks  appears  particularly 
timely. 


Bushing  Research.  Analyses  of  stresses  In  bushings  with  different  cross 
sections  should  be  continued,  and  this  work  should  be  complemented  with  research 
studies  on  a laboratory  machine  such  as  the  machine  designed  during  this  program. 
Additional  studies  to  determine  the  relative  significance  of  assembly  stresses, 
tension-induced  stresses,  and  torsion-induced  stresses  should  be  conducted. 

PINSTRESS  II.  Many  of  the  track  parts  are  highly  stressed  bv  the 
sprocket  tooth  loads,  which  are  concentrated  at  the  edge  of  the  track.  A thre"~~ 
dimensional  analysis  of  structural  distortions  in  the  entire  length  of  track 
affected  Is  needed  to  determine  the  loads  on  individual  teeth  and  track  parts. 
P1NSTRESS  II  provides  a powerful  technique  for  handling  the  pin,  bushing,  and 
tube  assemblies  as  part  of  the  structure,  and  the  other  track  elements  are 
relatively  easy  to  model.  These  models  of  individual  parts  should  be  combined 
into  a simultaneous  solution  that  would  determine  pin  and  shoe  stresses  on  the 
sprocket.  The  effect  of  various  parameters  (such  as  pin  bending  stiffness  or 
support  of  the  center  of  the  track  by  the  sprocket)  should  be  determined  to 
guide  future  track  development. 

End  Connector  Design.  Development  of  the  reversed  end  connector 
design  developed  during  this  project  should  be  pursued  to  the  point  where  several 
pitches  of  track  equipped  with  the  new- type  end  connectors  are  inserted  into 
conventional  T-142  type  track,  and  tested  in  the  field  and/or  the  laboratory. 

Field  Tests.  The  t rack-mo un ted  telemetry  system  designed  and  built 
during  this  program  should  be  Incorporated  into  a test  program  to  establish  its 
feasibility  and  determine  the  inevitable  modifications  needed.  It  should  then 
be  used,  if  possible,  to  obtain  data  on  track  tension,  acceleration,  and  tempera- 
ture at  higher  speeds  and/or  over  rough  terrain. 

Analytical  Techniques.  To  date,  the  various  analytical  techniques 
are  based  on  conditions  existing  when  the  tank  is  going  straight  ahead — that  is, 
not  turning.  Attention  now  needs  to  be  turned  to  the  case  where  side  loads  are 
present  due  to  turns,  side  slopes,  or  other  factors.  Of  particular  interest  is 
the  analysis  of  track  misguiding  and/or  throwing,  which  has  not  yet  been 
attempted.  Lateral  loads  may  be  equal  or  greater  in  importance  to  the  longi- 
tudinal tension-type  loads  analyzed  to  date. 
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Design  Procedure.  Effort  needs  to  be  continued  on  the  development  of  a 
mean*  for  combining  the  loads  and  stresses  calculated  for  the  various  conditions 
into  a meaningful  estimate  of  track/track  component  life.  Only  when  this  is  done 
can  the  effect  of  design  changes  be  evaluated  in  terms  of  life.  The  various 
analytical  techniques  developed  during  this  program  provide  the  foundation  for 
this  procedure,  since  they  enable  loads  to  be  calculated  for  several  conditions. 
Near  the  end  of  the  program,  effort  was  started  on  a method  of  calculating  the 
number  of  cycles  of  each  type  of  load  (for  example,  increased  tension  while 
negotiating  an  obstacle),  and  then  converting  the  load  cycle  into  an  equivalent 
stress  cycle  and  subsequently  into  life,  based  on  given  material  properties. 
However,  the  nature  of  the  loading  cycle  and  the  distribution  of  load  in  the 
track  are  sufficiently  complex  that  additional  work  on  this  type  of  design 
procedure  is  needed.  Eventually,  it  should  be  possible  to  "screen"  track 
designs  rather  thoroughly  before  they  are  built  by  application  of  a design 
procedure  incorporating  the  fundamental  "building  blocks"  developed  in  the 
Track  Dynamics  Program. 
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APPENDIX  C.  TRACKDYNE  PROGRAM 


Structure  of  Run 

In  response  to  each  control  card,  the  simulation  will  be  run  at  the 
requested  speed  and  tension  for  an  integral  number  of  pitch-passage  cycles 
that  may  be  varied  from  one  to  any  requested  number.  If  this  run  is  a continuation 
of  a previous  run,  initial  conditions  may  be  read  from  a data  deck  and  the  cycle 
numbers  will  begin  where  the  previous  run  left  off,  the  data  produced  being  the 
same  as  if  there  had  been  no  interruption.  Otherwise,  Initial  conditions  will 
be  calculated  to  begin  cycle  number  one.  Each  cycle  is  divided  into  100  equal 
time  increments  called  stations.  Each  station  interval  is  divided  into  a re- 
quested number  of  equal  time  increments  over  which  the  integrations  are  performed. 
For  efficient  operation,  the  number  of  integration  steps  per  station  should  be 
varied  with  track  velocity  to  keep  the  Integration  interval  an  approximately 
constant  time  period.  For  Instance,  10  steps  per  station  have  been  found 
adequate  for  satisfactory  accuracy  at  35  mph,  and  5 steps  per  station  gives 
comparable  accuracy  at  70  mph. 

During  the  last  cycle  requested,  data  describing  the  state  of  the 
system  is  available  at  each  station  interval.  Data  can  be  printed  at  every 
other  station.  Calcot.  plots  can  be  made  if  requested.  At  the  end  of  the  last 
cycle,  the  3tate  of  the  system  can  be  punched  into  a deck  of  cards  if  requested. 
This  deck  serves  as  an  initial  credit ion  deck  if  it  is  desired  to  continue  the 
run  at  some  later  time.  If  the  run  is  to  be  continued  immediately  by  another 
control  card,  an  initial  condition  deck  is  not  required.  The  energy  balance 
is  also  based  only  on  the  last  cycle.  Only  a limited  amount  of  data  is 
printed  at  the  end  of  the  earlier  cycles. 

A typical  -.f:  ap  w-':;*  be  to  run  for  ten  cycles  and  plot  -*»  so  that 
the  degree  to  which  transients  have  settled  may  be  observed,  then  to  continue 
to  the  fifteenth  cycle  and  plot  again,  this  time  punching  an  initial  condition 
deck  so  that  the  run  can  be  fur  continued  if  the  plots  indicate  it  is  still 
unsettled. 

Any  number  of  control  cards  may  be  submitted.  The  integration 
interval  may  be  changed  when  a run  is  continued.  If  any  dimensions  or  other 
specifications  of  the  system  are  to  be  changed,  the  entire  system  data  deck 
must  be  read  in  again. 
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Snead  and  Tension  Control 

Sine*  the  23-link  system  is  removed  from  the  rest  of  the  treek  circuit* 
ertificiel  means  must  be  used  to  cause  the  simulation  to  operate  at  the  requested 
speed  and  apparent  tension  at  the  inlet  point*  which  is  in  mid  span.  Speed  is 
determined  at  the  inlet  point  by  causing  Connector  1 to  move  in  a straight 
line  at  the  desired  velocity.  The  path  of  Connector  1 is  offset  from  the  straight- 
line  tangent  at  speeds  below  the  transition  point  by  an  amount  calculated  by 
the  initial  condition  section  of  the  program. 

Tension  is  determined  by  a constant  force  and  moment  applied  to  the 
23rd  shoe*  which  is  on  the  road  wheel.  When  setting  these  forces*  the  initial 
condition  program  must  estimate  the  centrifugal  tension*  the  difference  between 
tension  on  the  wheels  and  on  the  straights*  and  the  energy  losses  in  the  system. 

The  results  are  necessarily  approximate*  since  much  of  this  Information  is  to 
be  determined  by  the  run.  Consequently*  the  desired  apparent  tension  at  the  inlet 
is  not  exactly  achieved.  The  program  averages  inlet  tension  during  the  last 
cycle  and  prints  out  the  value  actually  occurring. 

Shoe-to-Wheal  Contact  Model 


Four  elements  are  taken  to  be  in  parallel:  a linear  spring  of  rate 
SW1 , a spring  whose  force  varies  as  the  square  of  deflection  times  SWZ,  a 
viscous  damper  having  coefficient  CD2,  and  a modified  dry  damper  producing  force 
FDD.  In  series  with  the  dry  damper  is  also  a stiff  viscous  damper  having 
coefficient  CD1.  The  dry  damper  is  modified  in  that,  for  deflections  less 
than  a threshold  value  in  the  neighborhood  of  .080  inch,  its  force  is  made 
proportional  to  deflection.  In  other  words,  the  dry  damper  force  is  the 
minimum  of  FDD  or  CDD  times  deflection. 

The  characteristics  of  the  real  system  are  reproduced  primarily  by 
the  square  rate  spring  and  the  dry  damper.  Since  the  contact  situation  is  either 
a round  wheel  impinging  on  a flat  shoe  or  a pointed  shoe  corner  impinging  on  a 
relatively  flat  wheel,  the  area  of  contact  increases  with  deflection  and  the 
spring  force  is  more  nearly  a square  function  than  linear.  Damping  character- 
istics are  based  or.  hysteresis  testa  made  at  Battalia  using  a cylindrical  steel 
die  representing  the  wheel  in  contact  with  a real  track  shoe.  The  energy 
absorbed  per  cycle  was  found  to  vary  only  a little  with  frequency,  so  that  it  is 
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represented  by  tha  dry  damper  with  10m  variation  with  frequency  provided  by 
th«  vlacoua  deeper  CD?..  Tha  shape  of  the  experimental  hysteresis  curvaa  sug- 
gested tha  laodiflcatlona  to  tha  dry  dasrpar . It  la  also  convanlant  In  program- 
ming to  hava  a system  that  will  r a turn  itself  to  zaro  deflection  when  external 
force  la  removed.  This  la  insured  by  tha  linear  spring  SW1 , which  should  hava 
a rata  greater  than  CDD.  The  damper  CD1  is  also  included  aa  a programing 
convenience  to  avoid  large  step  changes  in  force  is  the  rate  of  change  of 
deflection  changes  sign.  Its  coefficient  is  made  high  enough  that  it  rarely 
influences  the  system.  The  numerical  values  used  for  normal  contact  between 
a wheel  or  idler  and  the  center  of  the  flat  of  the  shoe  are: 

SW1  - 10,000  lb/in 
SW2  - 95,000  lb/in2 
FDD  - 1,300  lb 
CDD  - 8,125  lb/in 
CD1  - 800  lb  sec /in 
CD2  - 20  lb  sec /in  . 

The  same  model  is  used  for  tangential  deflections,  though  the  numerical 
parameters  may  be  separately  specified.  In  the  absence  of  experimental  data, 
all  values  were  simply  cut  in  half.  While  normal  deflection  can  be  calculated 
from  the  relative  positions  of  the  shoe  and  wheel,  tangential  deflection  is  an 
Integrated  variable  that  depends  on  the  history  of  relative  motion  between  the 
dioe  and  the  wheel,  and  also  upon  any  sliding  that  may  occur.  The  coefficient 
of  friction  between  shoe  and  wheel  is  specified  on  the  control  card,  and  has 
been  taken  to  be  .80  in  all  runs.  When  sliding  occurs  or  when  the  shoe  is  out 
of  contact  with  the  wheel,  the  rate  of  change  of  tangential  deflection  is  control* 
led  by  the  dampers. 

System  parameters  are  taken  to  be  independent  of  the  location  of  the 
center  of  contact  on  the  shoe  so  long  as  it  is  no  farther  from  the  center  of 
the  flat  than  DS1,  taken  to  be  1.0  inch.  As  the  center  of  contact  moves  from 
DS1  to  the  edge  of  the  flat,  parameters  vary  linearly  to  another  set  of  values 
that  are  specified  for  contact  at  the  edge.  In  the  absence  of  experimental 
data,  all  values  were  reduced  to  0.4  times  those  given  above.  As  the  attitude 
of  the  shoe  continued  to  vary,  the  parameters  vary  linearly  to  a third  set  of 
values  that  are  specified  for  contact  of  the  point  of  the  shoe  with  the 
wheel.  This  condition  is  considered  to  be  reached  when  the  perpendicular 
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to  tha  flat  of  tha  ahoa  through  tha  cantor  of  tha  wheal  paasaa  farthar  from 
tha  canter  of  tha  flat  than  DS3,  taken  to  be  4.0  Inches.  (Tha  flat  haa  a half- 
width  PSW  of  3.02  inches •)  In  tha  absence  of  experimental  data,  parameters 
3fcr  point  contact  ware  taken  to  be  0.2  times  the  values  given  above. 

Bushina  Model 

Tha  tensile  spring  rate  of  the  track  is  represented  In  the  program  as 
radial  deflection  of  the  bushings.  Based  on  experiments  at  TARADCQK,  the  value 
used  was  740,000  lb/in  for  the  bushings  associated  with  one  pin  across  the  width 
of  the  track.  The  torsional  spring  rate  was  datermlned  for  a used  track  shea 
under  laboratory  conditions  at  Battalia  as  24,330  in  lb/radian. 

In  the  absence  of  experimental  data,  damping  was  assumed  to  be  viscous 
and  values  were  set  to  give  coefficients  of  restitution  on  the  order  of  80X 
for  representative  conditions  of  energy  input.  In  torsion,  the  rate  of  flexing 
was  taken  to  be  the  angular  velocity  of  a wheel  at  30  mph.  In  tension,  energy 
was  considered  to  be  stored  by  stretching  the  track  to  40,000  lb  tension  during 
pitch  passage  interval  at  50  mph.  This  yielded  damping  values  of  3.6  inch  lb 
sec/rad  and  290  lb  sec/in.  Early  experience  with  the  simulation  suggested  that 
the  system  was  not  sufficiently  damped,  so  these  values  were  arbitrarily  increased 
to  7.2  in  lb  sec/rad  and  500  lb  sec/in.  Data  from  a properly-instrumented 
bushing  texting  machine  would  be  very  helpful  In  setting  these  parameters. 

Data  Deck 


The  structure  of  the  data  deck  Is  as  follows: 

(1)  Control  card  for  first  run 

(2)  System  data  deck  for  first  run 

(3)  Initial  condition  deck  for  first  run  (if  required) 

(4)  Control  card  for  2nd  run 

(5)  System  data  deck  for  2nd  run  (if  different  from  first) 

(6)  Initial  condition  deck  for  2nd  run  (if  required) 

(7)  Control  card  for  3rd  run,  etc. 


Tha  control  card  la  punched  In  tha  format  (3F10.3,  614)  with  the  follow- 
ing information: 

(1)  Spaad  of  vehicle,  mph 

(2)  Apparent  tension  at  mid  span  approaching  Idler,  lb 

(3)  Coefficient  of  friction  between  track  ahoea  and  Idler  or  road 
wheel 

(4)  Number  of  Integration  Intervale  per  atatlon 

(5)  Number  of  laat  cycle  to  be  run.  (Cycle  numbering  atarta  at 
the  cycle  for  which  Initial  conditions  were  computed,  not 
necessarily  at  the  beginning  of  thla  run.) 

(6)  Control  Integer  for  data  Input,  using  the  following  coda: 

0 **  Read  In  syatam,  compute  Initial  conditions 

1 * Read  In  system,  read  In  Initial  conditions 

2 • Use  system  of  run  just  completed,  compute  Initial 

conditions 

3 ■ Use  system  of  run  just  completed,  read  In  initial 

conditions 

4 - Continue  previous  run  . 

(7)  Control  Integer  for  card  punch: 

1 - Punch  final  conditions  for  use  as  an  initial  condition 

deck 

2 ■ Do  not  punch 

(8)  Control  integer  for  plotter: 

1 ■ Plot  last  cycle 
0 * Do  not  plot 

(9)  Control  integer  for  continuing  to  additional  runs: 

0 ■ Stop  after  this  run 

1 ■ Continue  to  an  additional  control  card,  but  shut 

off  plotter 

2 ■ Continue  as  Is 

The  system  data  deck  contains  12  cards  punched  as  follows,  with  numerical  data 
given  for  T-142/M-60  system: 

Card  1.  Modification  factors  for  computing  initial  conditions.  Format 

(5F10.3) 

(1)  Modification  factor  applied  to  moment  of  inertia  of  links  for 
use  In  continuous  band  equations,  0.65 

(2)  Modification  factor  applied  to  bushing  torsional  spring  rate 
for  use  In  continuous  band  equations,  1.25 
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3,4,5)  Estimates  of  energy  loss  at  an crane a and  axle  of  idlar  and  at 
antranea  of  road  wheel,  raapactlvaly,  100  in  lb /link  aach  placa. 
Card  2.  Track  geometry.  Format  (8F10.6) 

(1)  Pitch  length  of  ahoa,  4.442  Inch 

(2)  Pitch  langth  of  cc  actor,  2.500  inch 

(3)  Maas  of  ahoa,  0.1316  lb  sac2/ln. 

2 

(4)  Mass  of  connactor,  *0648  lb  aac  /in. 

(5)  Moment  of  inartla  of  shoe,  0.526  in  lb  sac2 /rad 

(6)  Moment  of  Inartla  of  connactor,  0.1095  in  lb  aac  /rad 

(7)  Distance  from  plana  of  pin  can tar lines  to  center  of  mass 
of  shoe,,  0.7  inch 

(8)  Distance  from  plana  of  pin  centerlines  to  wheel-contact  flat, 
1.69  inches  . 

Card  3.  Track  geometry  continued.  Format  (3F10.6) 

(1)  Distance  from  canter  of  flat  to  point  where  wheel  contact 
parameters  begin  to  change  (DS1  described  above),  1.00  inch 

(2)  Half-width  of  flat,  3*02  inch 

(3)  DS3  (described  above),  4.00  inch  . 

Card  4.  Track  circuit  geometry.  Format  (8F10.4) 

(1)  Radius  of  idler,  13.00  inch 

2 

(2)  Moment  of  inertia  of  idler,  45,0  in  lb  sec  /rad 

(3)  X coordinate  of  idler  center,  0.0  Inch 

(4)  Y coordinate  of  idler  center,  0.0  inch 

(5)  Radius  of  front  road  wheel,  13.00  inch 

2 

(6)  Moment  of  inertia  of  front  road  wheel,  45.0  in  lb  sec  /rad 

(7)  X coordinate  of  front  road  wheel,  -30.732  inch 

(8)  Y coordinate  of  front  road  wheel,  -24.010  inch 

Card  5.  Track  circuit  geometry  continued.  Format  (614, F8. 2) 

(1)  Number  of  first  shoe  to  be  checked  for  contact  with  idler,  7 

(2)  Number  of  last  shoe  to  be  checked  for  contact  with  Idler,  14 

(3)  Number  of  first  shoe  to  be  checked  for  contact  with  front  road 
wheel,  17 

(4)  Number  of  last  link,  23 

(5)  Number  of  link  to  be  monitored  for  offset  of  Span  1,  6 
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(6)  Number  of  link  to  be  monitored  for  of feet  of  Spen  2,  15 

(7)  X coordinate  of  dummy  wheel  for  establishing  entrance 

span  to  idler  in  initial  condition  calculations,  *96.6  inch  . 

Card  6,  Rubber  bushing  parameters.  Fon  t (2F10.I,3F10,5) 

(1)  Radial  spring  rate  of  one  pin  and  bushing  assembly,  740,000  lb/in 

(2)  Torsional  spring  rate  of  one  pin  and  bushing  assembly,  24,350 
in  lb/rad 

(3)  Angle  of  articulation  between  shoe  and  connector  when  bushing  is 
at  aero  torque,  0.143  rad 

(4)  Coefficient  of  viscous  damping  in  radial  direction,  500  lb 
sec/ln 

(5)  Torsional  damping  coefficient,  7.2  in  lb  sec/rad  . 

Card  7.  Shoe-to-wheel  contact  parameters  at  center  of  flat. 

Format  (8F10.2). 

(1)  SW1  in  normal  direction,  10,000  lb/in 

(2)  SW1  in  tangential  direction,  5,000  lb/ln 

(3)  SW2  in  normal  direction,  95,000  lb/in2 

2 

(4)  SW2  in  tangential  direction,  47,500  lb/in 

(5)  FDD  in  normal  direction,  1300  lb 

(6)  FDD  in  tangential  direction,  650  lb 

(7)  CDD  in  normal  direction,  8125  lb/in 

(8)  CDD  in  tangential  direction,  4062  lb/in  . 

Card  8.  Shoe-to-wheel  contact  parameters  at  center  of  fiat,  continued. 
Format  (4F10.5). 

(1)  CD1  in  normal  direction,  800  lb  sec/in 

(2)  CD1  in  tangential  direction,  400  lb  sec/in 

(3)  CD2  in  normal  direction,  20.0  lb  sec/in 

(4)  CD2  in  tangential  direction,  10.0  lb  sec/ln  . 

Cards  9 and  10.  Shoe-to-wheel  contact  parameters  at  edge  of  flat. 
Format  same  as  Cards  7 and  8.  Values  reduced  by  factor  of  0.4. 

Cards  11  and  12,  Shoe-to-wheel  contact  parameters  for  point  contact. 
Format  same  as  Cards  7 and  8.  Values  reduced  by  factor  of  0.2. 

The  initial  condition  deck  is  a 96-card  set  punched  by  the  program, 
sad  does  not  require  manipulation  by  the  operator.  The  number  of  the  last 
cycle  run  may  be  read  from  Columns  4 and  5 of  the  first  card. 
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The  system  considered  by  Che  PINSTRESS  analyst*  is  Che  pin,  bushing, 
and  tube  assembly  associated  with  one  end  of  one  pin.  There  are  four  such 
systems  per  track  link,  related  to  one  another  by  the  continuity  of  tne  pins 
through  the  center  of  the  track,  by  the  movements  and  deflections  of  the  shoes, 
end  connectors,  and  centerguldes , and  oy  the  forces  transmitted  through  these 
parts.  Structural  analysis  of  a number  of  links  considered  simultaneously  is, 
in  general , required  to  define  th',  forces  and  stresses  at  any  point  in  the  track. 
The  objectives  of  the  PINSTRESS  analysis  are  to  define  the  PINSTRESS  system  so 
that  it  may  be  treated  as  a single  element  in  the  structural  analysis,  and  to 
provide  a method  for  calculating  pin  stresses  and  bushing  loads,  once  the 
forces  or  deflections  imposed  on  the  system  ar*-  known. 

As  noted  In  rhe  text,  there  are  a few  symoetrical  loading  situations 
where  the  structural  analysis  becomes  trivial.  The  PINSTRESS  analysis  alone 
is  then  adequate  for  calculating  pin  stresses  and  bushing  loads. 

Definition  of  System 

Consider  the  pin,  bushing,  and  tube  assembly  for  one  side  of  the  track 
as  shown  in  Figure  D-l.  The  pin  is  taken  to  be  free  to  bend  over  a span  u between 
effective  anchor  points  where  the  end  forces  and  moments  are  applied.  The  tube 
and  the  rubber  bushing  are  taken  to  extend  over  a span  r which  is  less  than 
u and  centered  within  it.  The  X axis  is  taken  tangent  to  the  pin  at  its 
effective  anchor  point  in  the  centerguide,  with  positive  direction  toward  the 
end  connector.  The  y axis  is  taken  at  the  center  of  the  span,  with  positive 
direction  toward  the  shoe. 

The  resultant  of  all  forces  applied  to  the  tube  by  the  shoe  is  taken  to 
be  a for-e  F acting  along  the  y axis  and  a moment  M as  shown.  (The  shoe  can 
also  apply  a force  in  the  X direction  which  causes  shearing  deflection  of  the 
bushing,  but  this  is  independent  of  the  bending  analysis  and  may  be  handled  as 
part  of  the  structural  analysis.)  The  end  connector  applied  a force  Fe  in  the 
negative  y direction  at  X * u/2,  and  a moment  Mg  as  shown.  (There  is  also  a 
force  in  the  X direction  that  causes  axial  compression  of  the  pin;  this  too  can 
be  handled  separately.)  Assuming  the  shoe  body  to  be  defined  by  the  tube 
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ends,  the  system  responds  with  & displacement  of  the  shoe  relative  to  the 
centergulde  that  corresponds  to  track  stretching,  a rotation  of  the  shoe 
body  that  is  a component  of  structural  warpage,  a displacement  of  the  end 
connector  relative  to  the  centerguide  that  is  another  component  of  structural 
warpage,  and  a rotation  of  the  pin  end  that  is  related  tot  but  not  equal  to, 
end  connector  rotation. 

The  analysis  can  also  be  applied  In  the  plane  perpendicular  to  the 
track,  with  suitable  Interpretation  of  the  deflections. 


Assumptions 

(1)  The  rubber  bushing  acts  as  a linear  spring  having  the  same  rate 
per  unit  length  everywhere  within  span  r. 

(2)  The  effective  anchor  points  of  the  pin  ends  are  0.5  Inches 
inside  the  bodies  of  the  end  connector  and  the  centerguide. 

(3)  Deflections  are  small  compared  to  the  dimensions  of  the  system. 

(4)  The  bending  deflection  of  the  tube  is  of  the  form 

4x2 

" ?0T  (1  * rJ) 


where  the  deflection  at  the  center  of  the  tube  is  given  by 


and  the  stiffness  of  the  tube  and  its  end  constraint  by  the  binocular  plates 
is  defined  by 


Kt 


(5)  Deflections  of  the  system  are  energy  conservative,  so  that 
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Numerical  Definltlona 

The  system,  then,  can  be  specified  by  the  following  parameters,  with 
numerical  values  given  as  used  for  the  T-97  track: 

Pin  span  u,  11.95  in 
Rubber  span  r,  10.94  in 

A 

Pin  moment  of  inertia  I,  0.1139  in 

Pin  modulus  of  elasticity  E,  30  x 10^  psi 

Rubber  spring  rate  56,400  lb/in* 

Tube  spring  rate  K^,  1.647  x 10^  lb/in  . 
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Sutmary  of  Results 


Define  the  slnmllfvins  constant 


A-r~ 


— -a  l <lr- 

" V i.>  - 


Then  the  deflection  of  the  pin  at  any  point  within  the  span  r is  of  the  form 


y * A sinh  ax  sin  ax  + B sinh  ax  cos  ax  + ^ ^osh  ax  sin  ax  + 
D cosh  ax  cos  ax  + £ + 6 gX  - yQT  (1  - ~^7) 


(D-l) 


where  A,  B,  C,  D,  and  y^  are  constants  to  be  calculated  below.  The  bending 
moment  in  the  pin  at  any  point  within  the  span  r is  given  by 


H “ 2EIa  A cosh  ax  cos  ax  - B cosh  ax  sin  ax  + c sinh 


ax  cos  ax 
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and  the  bushing  load  at  any  point  within  the  span  r is 

f " |a  sinh  ax  sin  ax  + B sinh  ax  cos  ax  + C cosh  ax  sin 
*•  D cosh  ax  cos  ax] 


ax 
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D«fia«  simplifying  nondimsnsional  canitint*  as  follows:  (numarical 
T-97) 
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The  forces  returned  to  the  track  structure  in  response  to  imposed  displacements 
are  as  follows: 
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Ih.  dl»pUc.„„c»  of  eh.  .y=.„  In  r.apon..  eo  fore..  .ppU.d  by  eh.  tr.ck 
structure  are  as  follows: 
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Outline  of  Derivation 


By  reference  to  Figure  D-l,  it  can  be  scan  from  simple  geome cry  and 
Aaaumption  4 that  tha  forca  par  unit  langth  applied  to  tha  pin  at  any  point  X 
within  tha  apan  r la  givan  in  terms  of  the  pin  deflection  g(x)  and  tha  rubber 
apring  rata 

- V<.  ^ 1_S  ***  ( i " Ti  ^ ^ J 


where  the  tube  deflection  yQ^  la  taken  to  be  positive  when  the  tuba  daf laces  In 
the  negative  y direction  (toward  the  pin).  Outside  tha  span  r,  the  applied  force 
la  zero.  Conaequently,  the  moment  in  the  pin  anywhere  within  span  r is 

M«*!r«(4£  -*)+J  JLX' 

X 

Putting  this  into  the  well-known  beam 

em  — ^ * m 

x V i 


and  differentiating  twice,  we  have 
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Tha  solution  is  given  by  Equation  D-l,  which  is  valid  within  the  span  r and 
contains  the  five  unknown  constants  A,  B,  C,  D,  and  y^.  These  may  be  determined 
from  boundary  conditions  at  tha  ends  and  from  Assumptions  4 and  5. 

The  slope  of  the  deflection  curve,  tha  moment,  and  the  shear  forca 
in  tha  pin  at  any  point  in  tha  span  r may  be  found  by  successive  differentiations 
of  Equation  D-17.  At  tha  left  end  of  tha  span,  in  particular,  X * r/2  and 
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Considering  now  the  beam  spaa  from  r/2  Co  u/2,  the  only  loads  are  at  the  ends, 
and  for  X « r/2  we  have 


where  Che  moment  and  force  are  given  above.  For  continuity  of  the  pin, 
deflection  and  slope  ac  X « r/2  must  be  the  same  for  both  beam  segments. 
Equating  the  above  expressions  yields  two  boundary  equations  on  the  four 
cons  tents : 
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Similarly  at  tha  othar  and  of  cha  cantral  span,  tha  baam  sagmane  from 
-u/2  eo  -r/2  nuat  yiald  consistent  daflactioo  and  slopa  at  X ■ -r/2.  Tha 
resulting  boundary  equations  ara 
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Simulcanaoua  solution  of  thasa  four  boundary  aquations  yiald,.  tha 
asymmatrieal  components  of  tha  solution,  B and  C,  in  tanas  only  of  tha 
externally  appliad  displacamanta , as  givan  by  Equations  D-5  and  0 -7, 15  A and  0, 
however,  still  contain  tha  unknown  y^: 
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Tha  tuba  daflaction  will  now  ba  datarmlnad.  By  aquilibrlum,  cha  shoa 
toirca  is  givan  in  tarms  of  pin  shaar  forca  as 
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Also,  from  Equation  D-20, 
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By  Assumption  3,  these  expressions  are  equal  except  for  sign.  Consequently, 
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Similarly,  the  end  connector  moment  M#  may  be  found  from  equilibrium 
of  the  span  from  r/2  to  u/2  and  the  moment  ir.  the  pin  at  r/2: 
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Again  using  Equation  0-20, 
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By  Assus^ptlon  5,  thaa*  axprassiona  art  aqual.  Conaaquantly, 
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Equation  D-4  for  y^  is  obtainad  by  substituting  Equations  0-21, 

D-23,  and  D-25  into  tha  axprassion  for  y^  found  in  Assumption  4.  This 

axprassion  for  y^  is  than  substitutsd  into  Equations  D-18  and  D-19  to  obtain 

A and  D as  givan  by  Equations  D-5  and  D-8.  Substitutsd  in  Equation  D-20, 

it  yialds  Equation  D-9  for  F . 
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Equation  0*10  may  ba  obtainad  easily  by  noting  that 
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DESIGN  07  LABORATORY  MACHINE 
FOR  BUSHING  RESEARCH 


Track-Pin  Bushing  Laboratory 
Research  Machine 


The  material  in  this  appendix  relating  to  the  design  of  the 
laboratory  research  machine  is  organized  as  follows: 

(1)  Design  Goals 

(2)  Analysis  of  Angular  Position  Servocontrol  Circuit 

(3)  Analysis  of  Radial  Force  and  Position  Servocontrol  Circuit 

(4)  General  Requirements  for  Controllers 

(5)  Instrumentation  and  Signal  Processing 

(6)  Detail  Drawings  of  Laboratory  Research  Machine 


Design  Goals 

e Angular  Deflections:  Variable,  Servocontolled  Cycles 
up  to  +22%  degrees,  rates  up  to  86  rad/s. 

e Radial  Loading:  Variable,  Servocontrolled  Cycles 
between  +25,000  lbf  maximum 

s Temperature  Regulated,  Split  Collet  to  House  Bushing 
Specimen 

e Fixturing  to  Accept  a Range  of  Bushing  Sizes  up  to 
2-in.  Pin  Diameter 

e Instrumented  to  Continuously  Monitor 

- Bushing  Torque 

- Angular  Deflection 

- Radial  Deflection 

- Collet  Temperature 

- Various  Operational  Safety  Checks 

and  Record  the  Variation  of  These  Quantities  Throughout 
The  Life  of  a Test 

e Continuous,  Unattended  Operation. 


Analysis  of  Angular  Position 
Servocontrol  Circuit 
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FIGURE  £-1.  SIMULATION  MODEL  REPRESENTING  BUSHING  MACHINE 


Equations  of  Stats: 


F.  - D6) 
*2 


4x 

dt 


2cwnx  - wn  r +■  k 


i 


l - currant  to  servovalve 
x * valve  spool  position  (-1  to  +1) 
kB  " scaling  factor 
P(  • supply  pressure 
Pj  • drain  prcssiurn 

Q • oil  flow,  Qg  - aar  rated  valve  flow 
x • piston  position 
X * servovalve  spool  position 
c * equivalent  vnlvs  spool  dealing 


■ equivalent  rotational  oil 

coapressibillty  spring  constant 
k-2  * bushing  spring  constant 
D • hushing  leaping 
' * bushing  position 

J * equivalent  linear  inertia 
A • piuton  area 
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Angular  Position  Control 


FIGURE  E-7.  SIMULATION  MOREL  REPRESENTING  ANGULAR 
POSITION  CONTROLLER 


Symbols 

r ■ reference  Input  signal 
^ ” bushing  angular  pos'n 

5 * bushing  angular  velocity 

e e 

6 ■ bushing  angular  acceleration 
e » error  signal  (r  - 

i • current  input  to  servovalve 
s • d/it 

for:  r,  a,  0 in  degrees 
0 dag/ sec 

2 

0 deg/ sec 

1 diesns ior>1  ^ vs , i - 1/1  , where  i * current  into  valve  in  ma 

VO  V 

1 * maximum  rated  current,  ma 

m 

thta  KI  - 350  » 2.10  k2  - 0.0050 

k3  * 4 x 10”1 * * * * 6  k4  - 3 x 10~9 

Response:  0 to  90  percent  rise  time:  approximately  10  ms 

max  overshoot:  approximately .01  percent 
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FIGURE  E-3. 


OP EX  LOOP  STEP  RESPONSE 


— Real  cycle  defined  by  M-60  creek  geometry  only 

— Standard  test  practice  defined  by  Amour  Research  Foundation  developed 
machine  that  is  currently  running  QPL  tests 


0 

(Deg) 


Distance 

Along 

Track 

(inches) 


Tank  Imposed 

Defl'ns  (50  moh) 

Standard  Testing 
Pract ice 

Input  Waveform 

Max.  Defl'n,  9 

MX 

Max.  Defl'n  Rate.  9 

max 

Nusiber  of  6 Regions /Sec 

Peak  Power  Req'd,  p 

max 

See  above,  T ■ .64  sec 

±8#/S 

±4125*/S 

12.5/s 

7.0  hp 

255  cpm  (4.25  cps)  SINE 
±15* /S 

±401* /S 

8.5/s 

0.63  hp 

"Avg.”  Pwer  (j-  f\e/e/dt) 

0.075  hp 

0.214  hp 

Approx.  Hysteresis  Loss 
(torsion  only) 

10  watts  (0.01  hp) 

30  watts  (0.04  hp) 

Peak  Torque 

640  in-lb 

1200  in-lb 

FIGURE  E-6 . PRESENT  "QPL"  MACHINE  TEST  CYCLE  COMPARED  TO 

ACTUAL  BUSHING  ANGULAR  DEFLECTION  IN  T-142  TRACK 
(M60  Tank  at  35  aph) 
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Symbols 


rY  " Position  Nfattne*  input 
rj  " Fore*  raftrtoM  Input 
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•j  ■ Force  error 
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i ■ Current  Input  to  servovalve 
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FIGURE  E-7.  SIMULATION  MODEL  REPRESENTING  RADIAL  FOKCF/ POSITION 
CONTROLLER 


TANK  TRACK  BUSHING  RADIAL  LOAD: 
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Input  Waveform 
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Max*  Load.  P (lb) 

5G60 

7500 

max 

Hie.  Load,  P ■ (lb) 
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4125 
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dF  lb 

Max*  Slope,  dt  sec 

+5000,  -29,000 

±25,000 

Peek  Power  Req'd  (hp) 
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.051 

Max.  Defl'n  (in) 

.042 

.060 

FIGURE  E-8.  PRESENT  "QPL"  MACHINE  TEST  CYCLE  COMPARED  TO  ACTUAL 
BUSHING  RADIAL  LOAD  IN  T-J42  TRACK  (M-60  TANK  AT 
35  aph) 
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E-10 

General  Requirements  for 

Controllers 

--  Machine  start  up:,  sequence  most  be  such  that  no  transient  Inputs  are 

Introduced:  ell  inputs  at  0 as  hydraulic  pressure  cooes  up.  All  Integrator 
Initial  condition*  set. 

— Position  end  force  measurements:  Must  have  means  of  serolng  measurement 
signal  to  correspond  with  physical,  zero  which  may  vary  with  specimens. 

— Integrators:  Must  be  output  limited  to  prevent  windup  and/or  instability. 

— Manual  to  automatic  switching:  Must  provide  for  proper  initial  conditions 
on  Integrators  for  smooth  switching  between  modes  of  operation. 

— Cylinder  bypass:  physical  valve  to  short  circuit  hydraulic  cylinder  may 
be  desirable  to  allew  physical  notion  of  cylinder  when  system  la  off. 

-« ■ Controller  tuning:  Controller  gains  should  be  adjustable  to  provide 

ability  to  tune  system  once  at  installation.  Data  available  to  show  general 
effect  of  each  control  gain. 
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Igetninantation  and  Signal 
Processing 


IggiC  MMWffiMttt 

Radial: 

Da flection 
Force 
Angular: 

Position 

Velocity 

Acceleration 

Torque 

Teaperature: 

No.  of  Cycles: 


Device 


DCDT 

Strain  gt|t  load  cell* 

DCDT 

LVSTN 

Ac celerona  ter 

Strain  gaged  torque  arm 

The  mo  couple 

Mechanical  and/or  electrical 
counter 


— all  measurements  trill  be  used  in  the  feedback  control  system 

— all  measurements  trill  have  output  jacks  on  instrumentation 
panel  to  provide  for  direct  access  to  signal  before  processing 


Processing 

A signal  corresponding  to  that  torque  required  to  twist  the  bushing 
trill  be  generated  by  rolling  out  that  part  of  the  torque  signal  due  to  equipment 
inertia  (using  the  acceleration  measurement) . 

The  above  torque  signal  and  the  radial  deflection  signal  will  each  be 
sampled  at  their  peak  valve  every  cycle  to  generate  a signal  of  maximum  torque 
and  maximum  deflection  versus  time. 

The  accelerometer  signal  will  be  low-pass  filtered  and  differentiated 
3 3 

to  provide  a d 0/dt  signal  to  stabilize  the  angular  control  system  (Note:  It 
may  be  possible  to  use  torque  and  torque  rate  signals  in  the  control  system* 
rather  than  acceleration  and  acceleration  rate) . 

The  radial  force  signal  will  be  low-pass  filtered  and  differentiated 
to  provide  a force  rate  signal  for  the  radial  load  control  system. 

Bushing  radial  and  angular  displacements  and/or  vel  cities  will  be 
monitored  to  Indicate  pin  breakage,  collet  slippage,  or  other  adverse  conditions, 
and  initiate  system  shutdown. 
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APPENDIX  F 

CONCEPT  FOR  ADVANCED  XM-I/M-60  TRACK 
SHOE  (REPLACEABLE-PAD  VERSION) 


. ikiwr.vj 
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APPENDIX  G 

TRACK-MOUNTED  INSTRUMENTATION  SYSTEM 


i 
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FIGURE  G-l.  SCHEMATIC  DIAGRAM  OF  TRACK-MOUNTED  INSTRUMENTATION  CIRCUIT 
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FIGURE  G-l.  SCHEMATIC  DIAGRAM  OF  TRACK-MOUNTED  INSTRUMENTATION  CIRCUIT  (Continued) 


SIGNAL  CONDITIONING  AMPLIFIER 

Model  MMA-20 


■ Differential  Input 

■ Ground  I eolation 
e Speue  Qualified 


actual  ataa 


The  Vector  Model  MMA-20  is  ■ high  gain,  stabilized  dc  amplifier  which  is  used  to  amplify  outputs 
from  tf  irmocouples,  strain  gages,  or  other  millivolt  transducers.  The  characteristics  of  this  unit  are 
specified  for  any  5-volt  output  range  from  -5  volts  to  +5  volts  dc.  This  is  sufficient  to  drive  any 
Vector  subcarrier  oscillator.  The  output  is  single-ended. 

The  unit  has  been  designed  for  use  in  airborne  applications,  and  has  been  qualified  to  the  most 
severe  aerosprre  environments.  The  microminiature  design  offers  the  user  small  size,  high  accu- 
racy, low  power  consumption,  and  high  reliability.  The  unit  is  fully  compatible  with  standard  low 
level  transducers.  Variations  in  gain  setting  are  available  on  special  order. 


BASIC  UNIT  VECTOR  MODEL  MMA-20 


ELECTRICAL  SPECIFICATIONS 

(at  25°  C ±5°C,  28  volts  dc) 

GAIN:  250,  ±2%. 

FREQUENCY  RESPONSE:  Flat  within  ±1.0 
dB  from  dc  to  8 kHz. 

INPUT  IMPEDANCE:  100,000  ohms  min- 
imum. 

OUTPUT  IMPEDANCE:  Less  than  1000  ohms. 


STABILITY  WITH  LINE  VOLTAGE:  Output 
changes  less  than  ±25  millivolts  for  28  volts  dc 
±10%  at  any  output  voltage  within  specified 
range. 

POWER  REQUIREMENTS:  10  milliamperes 
nominal  at  +28  volts  dc. 

ENVIRONMENTAL 

SPECIFICATIONS 


INPUT  SIGNAL:  ±10  millivolts. 
NOMINAL  OUTPUT  SIGNAL:  ±2.5  volts. 


TEMPERATURE:  Operating  range  from 
-55°C  to  +100°C.  Gain  stable  within  ±1%  of 
full  scale  output  from  -20°C  to  +80°C. 


OUTPUT  OFFSET:  ±25  millivolts,  with  input 
short-circuited. 

LINEARITY:  ±0.1%  of  best  straight  line  over 
any  5-volt  segment  between  -5  volts  dc  and  +5 
volts  dc. 


ZERO  DRIFT:  Output  changes  less  than  ±50 
millivolts  from  -20°C  to  +80°C  with  input 
shorted. 

VIBRATION:  Capable  of  withstanding  30  g in 
each  major  axis  from  E5  to  2000  Hz. 


COMMON  MODE  REJECTION:  80  dB  from  SHOCK:  Capable  of  withstanding  at  least 
dc  to  1000  Hz.  200  g. 


MAXIMUM  COMMON  MODE  VOLTAGE:  12 
volts  peak-to-peak  ac.  (±6  V dc.) 


ACCELERATION:  Capable  of  withstanding  at 
least  100  g in  the  direction  of  each  major  axis. 


Mod*  MMA-4) 
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MECHANICAL  SPECIFICATIONS  DESIGN  VARIATION  VECTOR 

SIZE:  See  outline  drawing.  MODEL  MMA-20-1 


WEIGHT:  5 grams  (0.176  oz.)  nominal. 

MOUNTING:  Vector  MMM  Series  mounts. 

CONNECTION:  Two  pins  each  for  input,  and 
for  ground.  One  pin  each  for  output,  and  for 
power. 

CONTROLS:  No  controls  are  supplied.  (Gain 
is  set  at  factory.) 


The  model  MMA-20-1  is  the  same  as  the  basic 
unit  except  for  the  following: 

INPUT  SIGNAL:  0 to  +20  millivolts 

NOMINAL  OUTPUT  SIGNAL:  0 to  +5  volts 

MARKING:  Model  designation  shown  on 
nameplate  as  MMA-20-1 . 


ORDERING  INFORMATION 

When  ordering  specify  model  number  and  part  number  as  defined  in  the  tabulation.  For  special 
applications  or  additional  information,  contact  the  nearest  sales  representative  or  Vector. 


Model  No. 

MMA-20 

MMA-20-1 


Part  No. 

1 50C2000 
15002001 


SUBCARRIER  OSCILLATOR 
MMO-15  Series 


■ Constant  Bandwidth 

a Reliability:  MTBF  in  Excess  of  2 x 10®  Hours 

■ Space  Qualified 

■ Off-the-Shelf  Delivery 


actual  size 


The  Vector  Model  MMO-15  microminiature  voltage-controlled  constant 
bandwidth  subcar.  ier  oscillator  is  used  to  convert  high-levei  dc  voltages  into 
frequency  modulated  subcarrier  signals.  It  is  specifically  designed  for  telem- 
et'Y  applications  where  space,  weight,  and  reliability  considerations  are 
critical. 

The  unique  microminiature  design  provides  extremely  small  size,  high 
accuracy,  low  power  consumption,  and  high  reliability.  The  unit  is  fully 
compatible  with  existing  input  and  output  equipment  such  as  transducers, 
signal  conditioners,  and  transmitters.  The  unit  has  been  qualified  to  stringent 
aerospace  environments  on  numerous  NASA  and  DOD  programs. 

The  major  functional  sections  contained  in  the  MMO-  iB  are  a temperature 
compensated  amplifier,  a free-running  multivibrator,  an  output  filter,  and  a 
voltage  regulator.  The  unit  is  designed  to  ptovide  excellent  transient 
response. 


BASIC  UNIT  VECTOR  MODEL  MMO-15 
ELECTRICAL  SPECIFICATIONS  c<  25°C  ±3°C  unless  otherwise  r<o!ed: 


IWPt/T  VOuTAGE: 

INPtr  I DANCE: 
STANDARD  CHANNELS: 
SPECIAL  CHANNELS: 

SOURCE  IMPEDANCE 
SENSITIVITY: 

REVERSE  00  CURRENT: 

AC  FEEDBACK: 


0 i'o  **>  v«its.  ^ci.tive-going  voltage  produces  »n  incrssts  in 
output  frequency. 

POO  kitohrm  *10%  (dr  to  5000  Hz) 

All  IRIG  comtent  bandwidth  chenneli. 

Non-IRIG  chenneli  with  center  frequenciet  between  400  Hz 
and  750  kHz  end  with  devietiom  between  *3  5%  end  *35% 
ere  available  on  special  order. 

Oecilletor  output  frequency  ii  stable  within  *1%  o)  design 
bandwidth  ee  the  source  impedance  it  changed  from  zero  to 
infinity  fur  output  frequencies  under  100  kHz.  Stebilitv  i* 
*2%  for  outpu ! frequencies  sbove  IOC  kHz. 

0.1  microampere  maximum  measured  from  signet  input  to 
ground  through  t dc  nvemammeter. 

75  millivolts  peek  \o  peak  maximum  measured  seroses  10 
kilohm  resistor  connected  between  signal  input  and  ground. 


AMPLITUDE  MODULATION: 


TIME  DRIFT: 


LINEARITY:  Lm  than  ±0.5%  of  design  bandwidth  from  a straight  lina 

through  the  and  points.  Lass  than  ±0.25%  of  dssign 
bandwidth  for  bast  straight  lina.  This  linaarity  is  msintninad 
at  temperatures  from  — 40°C  to  +85  C. 

AMPLITUDE  MODULATION:  5%  r.-taximum  ovsr  tha  dasign  bandwidth,  at  any  tempsratura 

from  —40  'J  to  +86  °C. 

TIME  DRIFT:  Stabla  within  ±0.5%  of  dasign  bandwidth  durrsg  a period  of 

15  minutas  continuous  oparction  at  25  C ±1  C following  a 
stabilization  pariod  of  30  seconds.  Oscillators  having  output 
fraquanciat  undar  100  kHz  ara  stabH  within  ±0.25%  of 
daaign  bandwidth  over  a period  of  8 hours operation  at  26  C 
following  a 1 mi  nut  a stabilization  pariod.  Oscillators  having 
career  fraquanciat  abow  10*1  kHz  art  stable  within  ±0.5%  of 
daaign  bandwidth. 

DISTORTION:  '■  .0%  maximum  for  any  frequency  witnin  the  design 

bandwidth.  Output  terminated  into  10  kilohme  dtunted  by 
40  picofarads. 

MODULATION  FEEDTHROUGH:  Harmonics  of  tha  input  intaidganca  or  any  other  undeaired 

frequency  ara  suppressed  40  dB  minimum  beluw  the  output 
signal  level. 

INPUT  INTELLIGENCE  ±0.25  d3  of  dc  response  for  a modulation  index  of  5; 

FREQUENCY  RESPONSE:  ±1.0  dB  of  dc  response  for  a modulation  index  of  2; 

±2  0 d3  of  dc  response  foi  a modulation  index  o*  1. 

ACCURACY  AT  ±t.0%  of  dasign  bandwidth  for  sll  frequencies  below  100 

BA  NOEDGE  SETTINGS:  kHz. 

±2.0%  of  design  bandwidth  for  all  frequencies  above  100 
kHz. 

TEMPERATURE  STABILITY:  At  any  information  input  tha  output  frequency  is  stable 

within  ±2.0%  of  design  bandwidth  (baaed  on  bast  reference) 
for  oscillator  output  h+qrencies  below  100  kHz  over  a 
temperature  excursion  of  —40  C to  +8d°C  Stsble  within 
±3.0%  of  daaign  bandwidth  (basd  or.  bent  reference)  for 
oscillator  center  frequencies  above  100  kHz. 

OUTPUT  IMPEDANCE:  47  kilohme  ±10%  (10  kHz  to  200  kHc).  47  kilohms  ±20%  for 

oscillator  carter  frequencies  below  10  kHz  and  above  200 
kHz. 

OUTPUT  IMPEDANCE  SENSITIVITY:  Oscillator  output  frequency  is  stabia  within  ±1%  of  dasign 

bandwidth  t+*  output  load  R changed  by  c factor  of  10. 

OUTPUT  VOLTAGE:  0.3  voir  rmj  ±6%  at  center  frequency  into  a 10  kilohm  loed 

•■hunted  by  40  picofarads.  Stabla  within  ±10%  under  all 
conditions  of  supply  voltage  (28  ±4  volts),  and  temperature 
-*0aC  to  +85°C. 


DISTORTION: 


MODULATION  FEEDTHROUGH: 


INPUT  INTELLIGENCE 
FREQUENCY  RESPONSE: 

ACCURACY  AT 

BA  NOEDGE  SETTINGS. 


TEMPERATURE  STABILITY. 


OUTPUT  IMPEDANCE 


OUTPUT  VOLTAGE: 


POWER  SUPPLY  STABILITY: 


POWER  SUPPLY 

VOLTAGE  •WTERHUPTIOK: 


INDUCED  LINE  RIPPLE: 


RIPPLE. 


Fut  output  frequencies  below  100  kHz,  et  any  frequency  in 
tha  design  oandwidth,  tha  output  frequency  is  stable  within 
±0.5%  of  dasign  bandwidth  for  a power  ripply  voltage 
variation  of  i volts,  cantered  at  28  volts.  Stabla  .vithin 
±1 .5%  for  out|Mit  frequencies  above  100  kHz.  This  stability  is 
me i mined  at  temperatures  from  -40  C to  +86  C. 

Oscillator  will  return  to  normal  operation  within  20 
miltisecc:>da  after  tha  supply  voltaga  hes  baen  reduced  to 
zero  vo!«  for  a pariod  of  10  mlllhecomli  or  greeter,  then 
rMpfciied,  This  capubiitty  applies  for  any  tigne>  voltage  in  the 
range  of  -6  to  +6  volt*  and  at  any  temperature  trum  —40  C 
to  +8s’c. 

20  millivolt*  p-p  maximum,  maaaurad  across  a 1.0  ohm 
source,  feedback  into  tna  power  source. 

Ripple  with  a p-p  value  ef  7 rolls  and  a bandwidth  of  1 kHz 
to  20 0 kHz,  superimposed  onto  tha  power  source,  will  not 
deviate  the  output  frequency  more  then  ±0.5%  of  design 
bandwidth  or  cau«e  amplitude  modulation  that  exceeds  10%. 


— .j2«s  l.iM 


DESIGN  VARIATION  VECTOR  MODEL  MMO-15-2 

The  Vector  Modal  MMO-15-2  Subcarrier  Oscillator  is  the  same  as  the  basic  Vecto  Model  MMO-15 
Subcarrier  Oscillator  except  for  the  following: 

INPUT  VOLTAGE:  ±2.5  volts  dc.  Positive-going  voltage  produces  an  increase  in 

output  frequency. 

MARKING-  Model  designation  shown  on  nameplate  as  MMO-15-2. 


ORDERING  INFORMATION 


When  ordering,  specify  the  desired  model  number  and  corresponding  part  number  with  a three  digit 
dash  number  suffix  defining  I R IQ  channel  and  deviation  (see  tabulation).  Example:  for  a Oto  5 volt 
unit  operation  at  32  ±2  kHz,  specify  Model  MMO-15,  part  number  10012003-003.  For  special  appli- 
cations or  additional  information,  contact  Vector  or  the  nearest  sales  representative. 

Model  No.  Part  No. 

MMO-15  10012000 

MMO-15-2  10012002 


IKIG 

CHANNEL 

NUMBER 

CENTER 

FREQUENCY 

'kHz) 

OR  OCRING 

DASH 

NUMBER 

IRIG 

CHANNEL 

NUMBER 

CENTER 

FREQUENCY 

(kHz) 

ORDERING  \ 
D.SH 
NUMBER 

DEVIATION  2:2 

kHz 

DEVIATION  ±* 

kHz 

1A 

16 

-001 

3B 

32 

-103 

2A 

24 

-002 

5B 

48 

-105 

3A 

32 

-003 

7B 

64 

-107 

4A 

40 

-004 

9B 

80 

-109 

£A 

48 

-005 

lie 

96 

-111 

6A 

56 

-006 

13B 

112 

-113 

7 A 

64 

-007 

15B 

128 

-115 

8A 

72 

-008 

17B 

144 

-117 

9A 

80 

-009 

19B 

160 

-119 

10A 

88 

-010 

21B 

176 

-121 

11A 

96 

-Oil 

12A 

104 

-012 
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MIXER  AMPLIFIER 
Model  MMA-12 


■ Reliability:  MTBF  in  Excess  of  3 x 10&  Hours 

■ Space  Qualified 

■ Off-the-Shelf  Delivery 

■ Extended  Bandwidth  to  300  kHz 


actual  siza 


The  Vector  model  MMA-12  is  a high-gain,  feedback  type  amplifier  which  is  used  for  sumrrvng  the 
outputs  of  subcarrier  oscillators.  The  overall  linearity  of  the  unit  is  accomplished  by  utilizing  high 
open  loop  gain  circuits  with  overall  negative  feedback. 

The  unit  has  been  designed  for  use  in  airborne  equipment  such  as  rockets,  missiles,  and  similar 
equipment.  Employing  thick-film  circuit  design  techniques  the  amplifier  offers  small  size,  high 
accuracy,  low  power  consumption,  and  high  reliability.  This  amplifier  has  been  fully  space 
qualified  or.  numerous  NASA  and  DOD  aerospace  programs.  The  unit  provides  extended  Band- 
width capabilities  to  300  kHz. 


ELECTRICAL  SPECIFICATIONS 

At  25° C ±3°C  with  a 10  kilohm  300  pF  load 
unless  otherwise  noted: 

VOLTAGE  GAIN:  20.0  ±2.5%. 

GAIN  STABILITY:  ±1%  total. 

INPUT  IMPEDANCE:  10  kilohms  ±5%,  20  pF 
maximum. 

HARMONIC  DISTORTION:  Less  than  0.3%. 

FREQUENCY  RESPONSE:  300  Hz  to  300 
kHz,  within  ±C.1  dB. 

NOISE:  Less  than  20  pV  referred  to  input, 
with  input  shorted,  dc  to  500  kHz  band- 
width. 


OUTPUT  VOLTAGE:  0 to  3 V rms  minimum 
with  a maximum  of  0.3%  distortion  maximum 
over  the  frequency  range  from  300  Hz  to  300 
kHz. 

OUTPUT  IMPEDANCE:  200  ohms. 

INDUCED  LINE  RIPPLE  CURRENT:  7 mA 

p-p  max. 

POWER  REQUIREMENT:  28.0  Vdc  9.0  mA 
nominal,  12  mA  maximum. 

OVERVOLTAGE:  ±40  Vdc  continuous. 

SUPPLY  INTERRUPTION:  Output  recovers 
to  3 V rms  in  less  than  50  ms  for  a supply 
interruption  greater  than  10  us. 


Modal  MMA-12 


MECHANICAL  SPECIFICATIONS 

SIZF:  See  outline  drawing.  CONNECTION:  Four  pins  for  input,  output, 

power,  and  ground. 

WEIGHT:  3.5  grams  (0.123  ounce)  nominal, 

4.0  grams  maximum.  CONTROLS:  Due  to  the  small  size  no  controls 

are  supplied  (Gain  is  set  at  factory.) 


ENVIRONMENTAL  SPECIFICATIONS 


TEMPERATURE:  Operating  range  from  -55° C 
to  +125°C.  Output  stable  within  ±1.0% 
maximum  from  — 40°C  to  +8F.°C. 

HUMIDITY:  Meets  specifications  after  expo- 
sure to  a relative  humidity  of  95%  for  2 hours 
at  +50°C. 

ALTITUDE:  Output  stable  within  ±0.1  volt 
from  sea  level  to  vacuum. 

ORDERING  INFORMATION 


VIBRATION:  Capable  of  withstanding  30  g in 
each  major  axis  from  55  to  2000  Hz. 

SHOCK:  Capable  o*  withstanding  at  least 
200  g. 

ACCELERATION:  Capable  of  withstanding  at 
least  200  g. 


When  ordering,  specify  the  model  number  and  part  number.  For  special  applications  or  additional 
information,  contact  Vector  or  the  nearest  sales  representative. 


Model  No. 

MMA-12 


Part  No. 
10011000 


UHF  TELEMETRY  TRANSMITTER 

T-600  S/L  Series 


■ Less  Than  5.4  Cubic  Inches 

■ 0.2  or  0.5  Wetts  Minimum  Power 

■ L-  *nd  S-Barid  Models 

■ Meets  I.  atest  I R I G Specifications 
for  Stability  and  EMI 

■ Wideband  Response 

■ Internal  Power  Line  Regulator 


The  Vector  T-600  Series  UHF  Transmitters  are  designed  for  operation  in  aerospace  environments  where 
size,  weight  and  power  efficiency  are  critical. 

These  transmitters  incorporate  the  most  advanced  component  technologies.  Extensive  utilization  is 
made  of  recently  developed  integrated  circuits  to  enhance  overall  unit  performance.  Sophisticated  cir- 
cuit techniques  based  on  many  years  of  experience  in  RF  circuit  des;gn  a-e  employed  providing  excep- 
tional performance  specifications.  The  T-600  series  transmitters  offer  superior  modulation  characteris- 
tics: i.e.,  frequency  response  fram  dc  to  500  kHz,  deviation  sensitivity  of  ±500  kHz/volts  rms  and  low 
harmonic  distortion.  The  T-600  contains  a power  line  regulator  assuring  uniform  perfoi ; nance  over  the 
entire  allowaole  input  voltage  range  and  compliance  to  power  line  conducted  susceptibility  and  interfer- 
ence requirements. 

Thu  standard  T-600  transmitter  specifications  meet  the  requirements  of  the  majority  of  telemetry  appli- 
cations. Numerous  modifications  can  be  tcccinmndsted  and  additional  features  incorporated  to  meet 
customer  requirements. 


ELECTRICAL  SPECIFICATIONS 


T-600  performance  speci'icotio.is  «?‘e  in  accord- 
ance with  the  latest  requirements  of  the  telemetry 
ranges  as  well  as  a1!  applicable  IRIG  standards. 

OUTPUT  CHARACTERISTICS 

RF  powor  Output:  Y-6020.2  watts.  T 605-0.5 
watts  minimum  into  50  ohm  load. 

RF  Load:  Stable  operation  into  50  ohm  load  im- 
pedance with  V$WR  up  to  1.5  : f.  Operates  into 
op.rn  or  short  circuit  load  without  damage. 

Output  Frequency:  Crystal  controlled  center  fre- 
quency for  S-band  (between  2200-2300  MHz)  and 
for  L-band  (between  1435-1540  MHz). 

Output  Frequency  Stability:  ±0.003%  of  speci- 
fied, including  setting  tolerance  and  drift  due  to 
environment. 

Harmonic  and  Spurious  Outputs:  In  accordance 
with  I R I G- 1 06-73. 

MODULATION  CHARACTERISTICS 
Modulation  Type:  FM  (PM  available) 


Input  Impedance:  20  k ohm  minimum. 

Deviation  Sensitivity:  T-600/S  ±500  kHz/volt 
rms.  T-6G0/L  ±300  KHz/volt  rms. 

Frequency  Response:  Dc  to  500  kHz  ±1.5  dB 
(wider  response  available). 

Deviation  Capability:  T-600/S  ± 1 000  kHz  maxi- 
mum. T-600'L  ±600  kHz  maximum. 

Linearity:  1.0%  maximum,  best  straight  line  fur; 
T-600/S  ±500  kHz  deviation;  T-600/L  ±300  kHz 
deviation. 

Total  Harmonic  Distortion:  1.0%  maximum  for, 
T-600/S  ±500  kHz  deviation;  T-600/L  ±300  kHz 
deviation. 

POWER  SUPPLY  CHARACTERISTICS 

Input  Voltage:  28  ±4  verbs,  with  reverse  po'arity 
protection. 

Input  Current:  0.7  amp  maximum,  T -602 
0.4  amp  maximum,  T-605 


Size:  2.22"  x 2.07"  x 1.17". 


Mounting:  4-40  screw  on  4 corners,  options  avail- 


n ' . Veight:  6±1oz. 

ENVIRONMENTAL  SPECIFICATIONS 


All  performance  specifications  will  be  met  under  Shock:  ’/a  sine  at  50g  for  1 1 mi'liseconds  in  each 
the  fo'lowing  conditions:  axis. 


Basep'ate  Temperature:  -20°C  to  +71°C. 


Acceleration:  lOOg,  each  axis. 
Altitude:  Unlimited. 


Vibration:  Sinusoidal  at  20g  from  20  to  2000  cps  Connectors:  Modulation  and  Supply,  wire  leads; 
■n  each  axis.  RF  output,  flexible  cable. 

QUALITY  CONTROL  AND  PRODUCT  ASSURANCE 


The  Vector  T-600  Series  transmittc:  is  manufac- 
tured under  strict  Quality  Control  procedures  in 
accordance  with  the  requirements  of  MIL-Q- 
9P58A.  Additionally,  all  semiconductors  and  in- 
tegrated circuits  used  in  the  T-600  are  subjected  to 
intensive  component  preconditioning  procedures. 
Each  assembled  unit  is  fully  tested  to  a compre- 
hensive Acceptance  Test  Procedure  which  includes 
full  performance  testing  at  the  thermal  extremes. 


Vector  has  participated  in  numerous  ' hi-rel"  aero- 
space programs  which  have  required  exhaustive 
component  screening,  preconditioning  and  selec- 
tion procedures.  These  ‘ hi-rel"  procedures  or  spe- 
cific customer  generated  requirements  can  be  in- 
voked in  the  manufacture  of  the  F-60G  series 
transmitters  if  necessary. 


ORDERING  INFORMATION 

When  ordering  specify  model  number  jT-600/S  for  S-band  T-600/L  for  L-band,  602  for  200  milliwatts, 
605  for  500  milliwatts)  and  exact  operating  frequency  in  megeherrz.  For  special  applications  or  addi- 
tional information,  contact  Vector  oi  the  nearest  sales  representative 


MICROMINIATURE  MOUNT 
Model  MMM-655 


■ Space  Qualified 

■ Rugged  Design 

■ Customized  Variations  Available 


A actual  »i  <* 


Vector  Model  MMM-655  Micromounts  are  designed  to  accommodate  up  to  19  high-level 
microminiature  subcarrier  oscillators  and  one  microminiature  amplifier.  The  mount  is 
constructed  of  aluminum  with  a satin  chrome  plate  finish,  thus  pressing  the  low  weight, 
small  size,  and  hiah  reliability  of  Vector  telemetry  systems.  Convenient  provisions  for 
pre-outphasis  resistors  are  located  within  a rear  access  panel  of  the  mount.  These  resistors 
are  normally  not  included  in  the  mount  since  their  value  depends  on  the  overall  s/stem 
application;  however,  tney  can  easily  be  included  as  ari  option  (see  Ordering 
Information).  Since  the  plug-in  mixer  amplifier  has  no  adjustment  control,  the  composite 
output  amplitude  is  adjusted  by  an  OUT  ADJ  potentiometer  on  the  mount. 

This  double  row  mount  is  normally  provided  in  increments  of  two  positions  ranging  from 
eight  to  20  positions.  Various  combinations  of  high  and  low  level  oscillators  cun  bo 
provided;  however,  the  number  of  plug-in  components  is  reduced  since  each  low-level 
oscillator  occupies  the  space  of  three  high-level  oscillators.  Reasonable  variations  of  the 
standard  design  can  be  supplied. 

Other  models  with  provisions  for  four  to  3C  positions  in  single  snd  triple  row 
configurations  are  available. 


MECHANICAL  SPECIFICATIONS 

So*  cut* ire  drawing. 
EIGHT.  See  outline  drawing. 


CONNECTOR. 

CONTROL; 


Winchester  SLE-29PJ  (29  pin  connector);  meting 
Connector  Winchester  SUE-29  SJT. 

Output  Adjust. 


ORDERING  INFORMATION 

sp^auTiationsTf V ^ WMM'655i  and  P«  number  (see  tabulation)  For 

in  accordance  with  yLTmTuler^J0^^  8"d/°r  Pre'amph#5is  "*»" 
or  Vector.  " P CUlar  r^'reme^  intact  the  nearest  sales  representative 
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Position* 


Part 

Number 

30010000-008 

30010000-010 

30010000412 

30010000-014 

30010000-016 

30010000418 

30010000-020 


JUBBO 


Conical,  cylindrical  geometry. 

UHF  Command,  Video, 
Telemetry,  Beacon,  Transponder. 

The  Haigh-Farr  Fiexislot  is  a building  block, 
antenna  designed  for  simple  mounting 
and  retrofit  on  cylindrical  and  conical  bodies. 
Exceptionally  thin,  1/16"  to  1/8",  with  uncritical 
mounting  characteristics  and  ruggedness.  They 
are  ideal  for  drone,  missile  and  aircraft  use. 

Flight  proven  broad  beamwidth  Fiexislot  Anten- 
nas in  the  300MHz  to12GHz  range  are  available 
for  ''off-the-shelf"  delivery. 

CHARACTERISTICS: 

Low  Silhouette:  1/16"— 1 18"  thick  for  1 GHz 
and  above 

Broad  Beam:  190°  x 120° 

Building  Block:  May  be  arrayed  for  directive  beam 
Tranamit/Receive:  VHF  through  X-Band 


Rugged: 

Temperature: 

Altitude: 

Simple  Mounting: 
Applications: 


High-G,  hard  landing,  rough  landing 
Protection  for  extreme  ranges 
Subsurface  to  space 
Uncritical;  any  surface,  cement, 
bond,  strap,  screw 
Ballistic,  aircraft,  drone,  missile, 
helicopter,  Command  Control,  Video, 
Telemetry,  Beacon,  Transponder. 


CALL:  (517)  944-0145 


Request  bulletins  on  other  Haigh-Farr  antenna  series, 
power  dividers  and  specialized  applications. 


VHF  through  X-Band 


tea 


Guided  missile  before  impact. 


IMPORTANT 

Before  investing  in  antenna  R & 0,  check  with 
Haigh-Farr  design  group.  Antennas  for  your 
configuration/performance  parameters  may 
already  exist.  Haigh-Farr  experience  may 
provide  additional  options,  making  use  of 
computer  design  and  extrapolation  from  exist- 
ing models  with  minimum  co3t.  Haigh-Farr 
antenna  design  group  has  many  years  of  ex- 
perience in  antenna  development  meeting 
critical  requirements  for  military  and  aero- 
space applications.  This  backlog  of  experi- 
ence is  now  also  available  for  industrial  and 
specialized  end  uses. 


The  FLEXISLOT™  is  a broad  beam,  low  silhouette  antenna  designed  for  ex- 
tremely simple  mounting  on  cylindrical  or  conical  bodies,  either  flush,  directly  on 
outer  skin,  or  under  heatshield  or  radomes.  The  antenna,  originally  designed  for 
L-Band  air-to-ground  video  link,  may  be  readily  adapted  for  special  uses,  such  as 
secure  air-to-air  control. 


X-Band  E Plane 


X-Band  H Plane 


<S\\ 


& 


Radiation 
Patterns 
in  dB 

Isotropic  is 
6dB 


With  a small 
ground  plane 
the  pattern  will 
as sume  the  Inner 
form 


X-BAND  VSWR 


TYPICAL  SPECIFICATIONS: 


|u 

w> 

>1.2 


2200  2210  2220  2230  2240 

Frequency  GHz 


2250 


OPERATING  BANOS: 
INPUT  IMPEDANCE: 
BANDWIDTH: 

VSWR,  MAX.: 
POWER: 


RADIATION 

PATTERN: 

POLARIZATION: 

DIMENSIONS: 

WEIGHT 

FORM: 

MOUNTING: 

CONNECTOR: 


VHF  through  X-Band 
50  Ohms 
4%  to  6% 

1.5:1  at  f0;  2:1  across  bandwidth 
Dasign  parameter,  normally  40W  cw, 
lOKwpeak 

Typically  190*  x 120°,  see  above. 

Directive  beams  for  gain,  or  secure 
iransmission  may  be  - ovideo. 

Linear 

p,  S-Band,3°  x 2-' It"  x Vn*— typical 
Lees  than  2 ounces  for  S-  to  X-Band 
* Provided  for  specified  mounting  curvatures 
on  cylinder  or  cone. 

£ Uncritical,  any  surface;  adhesive  bond, 
tape,  screw 
OSM  preferred 
Subsurface  to  space 

p High  G,  high  over-pressure, 
high  temperature. 

^ Extreme  environment  is  a design  parameter. 
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